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Abstract. 
The work presented in this thesis is involves two distinct topics. The first area is the 
main theme of the thesis, and is an investigation of the contribution made by the gain to 
the temperature sensitivity of long wavelength semiconductor lasers. The second topic is 
in a separate but related area and consists of an experimental determination of the 
valence band deformation potential, b, whose magnitude is found to be in good 
agreement with theoretical prediction. 
The thesis first presents an overview of the equipment used in the measurements, 
followed by a review of the available methods for making gain measurements on 
semiconductor lasers. It is concluded that the Hakki-Paoli method, in conjunction with 
the Cassidy method, provides the most suitable technique, but the measurement system 
must be very carefully set up to ensure valid results. 
The gain-current relationship is then measured in three quantum well lasers with 
1.55µm tensile, compressive and unstrained active region respectively, and in two 
1.3µm devices, with tensile and compressive quantum wells. 
It has been observed experimentally that the modal gain, G, varies linearly with the log 
of the drive current, I, in many quantum well lasers. This relationship was expressed by 
McIlroy as G= Go in011/0 
). 
It has been suggested that the strong temperature 
sensitivity of the threshold current in long wavelength lasers is due to strong 
temperature dependence of the gain characteristics. We show that the Go parameter is 
1 
virtually independent of temperature in the 1.5µm devices studied, close to that expected 
for an ideal laser, while the 1.3µm lasers depart from the ideal case to some degree. The 
1.54m devices all have a characteristic temperature, To, of = 70K, in good agreement 
with what would be expected if non-radiative phonon assisted Auger recombination, 
with an activation energy of 25meV, dominates the current. The lower To values in the 
1.3µm devices of 42K and 50K respectively are consistent with an additional 
temperature dependence of the differential gain above that predicted in an ideal laser. In 
both cases it is concluded that Auger recombination makes the dominant contribution to 
the temperature sensitivity. 
In the second topic considered, photo voltage measurements are used to determine the 
energy splitting of the light hole and heavy hole valence subbands in a set of tensile- 
strained lasers. Using these measurements it is shown that a theoretical model, using the 
interpolated strain deformation potential determined by Krijn, gives good agreement 
with experiment. 
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Chapter 1 Introduction 
Chapter 1 
1. Introduction 
One of the fundamental factors enabling the development of modern society has been 
the dramatic increase in the ability to communicate information. The drive for faster and 
more powerful communication links has been a major force behind research into solid 
state lasers. This is because of the suitability of long wavelength semiconductor lasers 
for use as modulation sources in communication links. This suitability comes from the 
small size of semiconductor lasers and the ability to tailor their wavelength by variation 
of the growth composition. This makes them ideal for use in the creation of small, self- 
contained units that can be tuned to take optimum advantage of the properties of optical 
fibre. These properties include the 1.55µm low loss window and the 1.3µm low 
dispersion window. 
The main problem with the laser diodes used when the lasing process was first 
demonstrated in 1962 [1][2] was the prohibitive threshold currents required at room 
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temperature. The high threshold currents in these devices were due to a combination of 
very poor temperature performance and inherently inefficient processes within the laser. 
To allow these lasers to be used in practical applications the main direction of research 
has been to create lasers with lower threshold currents. This has largely done by 
improving the efficiency of the laser through reducing the amount of current not being 
used to directly supply the lasing process. This has been achieved by controlling the 
electronic structure of the laser by the growth of layers of different bandgap to enable 
the confinement of carriers to the desired region. By 1975 [3] the introduction of double 
heterostructure lasers had reduced threshold currents sufficiently for semiconductor 
lasers to be viable as communication lasers. 
The next major development was the introduction of quantum well (QW) lasers [4]. 
These followed from improvements in the epitaxial techniques used in the growth of 
lasers that allowed the control of the laser structure to dimensions comparable to those 
of the De Broglie wavelength for an electron. For these length scales (= 100Ä) quantum 
confinement effects can be utilised to confine the carriers in one dimension, while still 
allowing complete freedom of motion in the other two dimensions. This increased the 
efficiency by ensuring a larger proportion of the electronic states contributed to the 
lasing process. This not only has the effect of using the injected carriers more efficiently, 
but also improved the differential gain [5], while providing significant reductions in 
threshold current. The reduced injection carrier density and improved differential gain 
also had the effect of reducing undesirable effects such as chirp [6], resulting in higher 
bandwidth lasers capable of faster communication. By 1990, long wavelength laser 
communication modules were being made from QW lasers. 
6 
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In 1986 it was also proposed by Adams [7] and Yablonovitch and Kane [8] that the 
performance of QW lasers could be improved by the introduction of strain to the active 
region. Improvements in growth techniques have allowed the growth of QW lasers with 
materials whose lattice constant is different to that of the underlying substrate. These 
lasers then have active regions that have contracted or expanded in order to match the 
lattice spacing of the substrate. This effectively strains the active region and changes the 
electronic properties by splitting the degeneracy of the valence band states at the zone 
centre. This reduces the number of electronic states that require filling, and can reduce 
the effective mass of the highest valence subband. This can lead to further 
improvements in the differential gain and the modulation characteristics and has been 
shown to reduce the threshold current still further [9][10][111. 
Although the introduction of strained lasers satisfies many of the desired requirements 
for optical communication, namely low threshold current, high bandwidth and long life 
times, one problem still remains unsolved. This is the temperature dependence of the 
threshold current. Although the progress in reducing the threshold current and 
improving the laser performance has been substantial, the problem of temperature 
stability has shown little improvement since lasers were first employed. For a laser to 
operate over an ambient temperature range (-40 to +85 °C) then requires a temperature 
stabilisation unit and sophisticated control electronics. In both cases the final laser 
module would be larger and significantly more expensive than a simple uncooled 
device. The necessity and effect of introducing further elements to the cost of a laser 
module can be seen in applications such as trans Atlantic fibre optic cables, where many 
repeater stations are required in order to transmit the signal along the 
length of the cable. 
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In this case the elimination of the cooler units would be desirable to reduce the overall 
cost, but not essential as the cooler/control unit does not represent a significant 
contribution to the total installation cost. By contrast, the cost of each individual laser 
module is a significant factor limiting the development of local high speed 
communication networks. 
At present local networks consist of fibre links to local nodes, whereupon the signal is 
transmitted to the home using twisted pair technology. This type of link is severely 
limited in terms of the requirements of modem computerised data communication. To 
extend high bandwidth communication to every household would require fibre links into 
the home. Unfortunately this would only create a one way information super highway. 
To allow bi-lateral information flow would also require a high bandwidth optical source 
in every home. To achieve this, such units would have to be small, cheap, reliable and 
have low operating overheads. If every laser required a cooler or control unit then these 
goals could not be achieved. In order that a true information super highway can become 
a reality then the temperature dependence of long wavelength lasers needs to be 
eliminated. 
Although the problem of the temperature dependence of the threshold current has been 
widely studied, it has still not been conclusively shown what process is responsible. In 
order to make advances in the reduction and elimination of the temperature dependence 
of the threshold current, the first step must be the definite identification of what causes 
the problem. There are currently several mechanisms that are believed to be responsible 
for the poor temperature characteristics of long wavelength lasers, although there is not 
a general consensus in the literature as to which mechanism dominates. The processes 
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that have been presented as providing a significant contribution include the temperature 
sensitivity of the Auger recombination current, non ideal temperature degradation of the 
differential gain, temperature dependence of the radiative recombination current and 
carrier leakage. 
The aim of this thesis is to present measurements that add to the understanding of the 
temperature dependence problem by investigation of the temperature dependent 
properties of the differential gain. The work presented will show that the differential 
gain in the lasers measured has properties close to the ideal case. As the lasers used have 
a temperature dependence that is less than ideal, it is concluded that the fundamental 
cause of the poor temperature dependence in these lasers is not caused by the differential 
gain. Arguments are therefore presented that show that the non-radiative Auger current 
is the most probable mechanism causing the poor temperature characteristics. 
This result is very important, as it shows that if the Auger contribution to the total 
current can be reduced or eliminated, then the temperature dependence of the threshold 
current will be reduced to the ideal situation for long wavelength lasers. This would be a 
significant step towards the introduction of a high bandwidth optical communication 
source into every household. 
1.1 Overview 
1.1.1 Chapter 2 
The basic theory and principal mechanisms involved in understanding a semiconductor 
laser are presented in this chapter. The basic properties of the semiconductor are 
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introduced, such as electronic transitions and loss mechanisms. The structure and design 
of the semiconductor laser is also discussed. Using this information, the chapter then 
introduces the theory behind how a laser can be created and introduces basic laser 
principles such as gain, transparency, mirrors and lasing threshold. The measurement of 
the threshold current and its temperature sensitivity are then discussed. 
1.1.2 Chapter 3 
This chapter covers the experimental setup used to carry out the measurements 
presented in this thesis. The chapter starts by giving an overview of the equipment used 
and how it is configured, and this is followed by a more detailed account of each 
component along with specifications and reasons for its use. The chapter then goes on to 
discuss how the equipment is used in order to get optimum and reproducible results, 
including a guide to setting up the experiment, location of the laser sample and 
alignment of the optical components. The instructions included in this chapter are 
essential to ensure that the results obtained are accurate, as failure to properly align the 
laser samples can result in unreliable results. 
1.1.3 Chapter 4 
This chapter gives an account of the methods used to extract the gain from the spectral 
measurements of the laser output. The chapter starts by giving a brief review of the 
available methods for measurement of the gain. Included in this review are the reasons 
why each method was rejected as unsuitable, except for the Hakki-Paoli method. The 
chapter then goes on to explain the principles behind the Hakki-Paoli method [28], 
explaining how the gain can be calculated from measurements of the Fabry Perot 
10 
Chapter 1 Introduction 
resonance pattern. It is explained how the gain is found using the ratio of the peak 
intensity to the minimum, or trough, intensity. Next the problems involved in the use of 
this technique are highlighted, including the effect of instrument response and the 
problems of unamplified light within the measurement. The methods available to 
overcome the problem of instrument response are reviewed, but although the Cassidy 
method [29] is shown to be the best correction method, it is also shown that problems 
can occur if the instrument response is not kept close to optimum during the 
measurement. 
1.1.4 Chapter 5 
This chapter is a departure from the main theme of the thesis, and represents work that 
was carried out in order to strengthen the understanding of the theoretical parameters 
used in the computational models at Surrey. The work involves the experimental 
measurement of the strain-induced energy splitting between the light hole (LH) and 
heavy hole (HH) valence subbands in a set of tensile-strained INGai_XAs lasers. This 
energy splitting can be compared with theory in order to evaluate the accuracy of the 
value of the interpolated strain deformation potential, based on values presented by 
Krijn [ 161. 
Measurements were carried out to determine the wavelength dependence of the 
photovoltage signal. The chapter starts by outlining the modifications required to the 
experimental setup to do these measurements. This includes discussion of the methods 
used to correct for the effect of water absorption on the measured spectrum, and also the 
use of polarised light in order to enhance the ability to separate the 
LH and HH features. 
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This is followed by a brief discussion of the theory and how features in the photovoltage 
spectrum are interpreted. Corrections are applied to the measured values to compensate 
for the Stark effect, in order to calculate the splitting that would be present for the 
samples while under lasing conditions. The experimental energy splittings are then 
compared with the theoretically predicted flat band values, using programs provided by 
Dr A Meney. The splitting used in the model is based upon the linear interpolation of 
the strain deformation potential using values for the binary compounds GaAs and InAs. 
The results of this chapter show that the interpolated values give a theoretical splitting in 
excellent agreement with the experimental values, confirming the validity of the model. 
1.1.5 Chapter 6 
This chapter presents the gain measurements made using the equipment and methods 
detailed in chapters 3 and 4. Results for compressive, tensile and unstrained 1.55 µm 
and compressive and tensile strained 1.3µm devices are presented. The chapter starts 
with an introduction to the reasons why the gain measurements are useful, and outlines 
the different theories used to explain the temperature sensitivity of long wavelength 
lasers. This includes a discussion as to why all but the temperature sensitivity of the gain 
and the Auger recombination current can be eliminated as important in this type of 
device. The results of the gain measurements are then presented for the 1.5µm devices, 
showing the actual gain spectra and also the gain current relationship for each 
temperature. This is then repeated for the 1.3µm devices. 
The next section outlines the analysis used to evaluate the gain results. This is done 
using the gain current relationship [121, 
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G=Goln I 
I0 
(1.1) 
where G is the modal gain, I is the current, to is the transparency current and Go is a 
constant for a given temperature. 
In an ideal quantum well laser the value of Go would be independent of temperature. 
Using a parameter To(Go), similar in definition to the characteristic temperature To 
defined in section 2.4.2, the temperature dependence of Go is assessed for both the 
1.55µm and 1.3µm devices. It is shown that the temperature sensitivity of Go is very 
small in the 1.55µm devices, indicating that the temperature dependence of the gain is 
close to the ideal case. By contrast, the threshold current in the 1.3µm devices has a 
stronger temperature dependence than in the 1.55µm case, and it is found that the Go 
parameter is also more temperature dependent in the 1.3µm case. 
Using the values of Go calculated in earlier sections, the chapter then goes on to 
calculate the temperature sensitivity of the transparency current. Using these results it is 
then shown that in the 1.55µm devices the gain has very little effect on the overall 
temperature sensitivity of the laser, and that it is the process that gives a poor 
transparency current temperature sensitivity that is responsible. It is then shown that 
Auger recombination can explain the temperature dependence of the transparency 
current, and that good agreement with measured To values can be found using an 
activated Auger process. This analysis is repeated for the 1.3µm results, where it is 
found that although the gain now has an effect on the overall temperature dependence of 
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the laser threshold, it is still the contribution of Auger recombination to the transparency 
current that dominates the overall To. 
1.1.6 Chapter 7 
This chapter presents measurements of the wavelength and temperature dependence of 
the linewidth enhancement factor (alpha) for a similar range of devices to that 
considered in chapter 6. It starts with an explanation of why this parameter is of interest 
and then outlines why detuning may be useful in increasing the bandwidth of distributed 
feedback lasers (DFB) due to a reduction in the alpha value. This is followed with the 
theory behind the measurements and the techniques used to evaluate the value of alpha. 
The results section presents measurements of alpha at room temperature over a range of 
energies detuned from the peak gain for a tensile, compressive and unstrained device. 
They clearly show that the strained devices give lower values of alpha than those 
measured for the unstrained device and that alpha decreases by a factor of about two in 
each case for about 30meV of detuning. The following section presents measurements 
of alpha as a function of temperature. These results tend to confirm that the variation of 
the differential gain with temperature has ideal characteristics in the 1.55µm devices 
studied and therefore supports the conclusions reached in chapter 6. 
1.1.7 Chapter 8 
This chapter presents a brief summary of the work presented in the thesis, along with a 
review of the conclusions reached. 
14 
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Chapter 2 
Basic Theory of Long Wavelength Laser Operation 
2. Basic Theory Of Long Wavelength Laser 
Operation 
2.1 Introduction 
This chapter will give an overview of the basic theory needed to understand the aspects 
of semiconductor lasers that are studied in later chapters. The aim of this chapter is not 
to present an exhaustive description of the internal mechanisms of the laser, but to 
explain the processes and theory that are relevant to this thesis. A more detailed 
explanation of long wavelength semiconductor lasers can be found in texts such as 
Agrawal and Dutta [13] and Thompson. [ 141 
2.1.1 Lasers: A Brief Overview 
All lasers require three basic elements. These are an optical gain medium that provides 
coherent amplification, optical feedback and a spontaneous noise signal. Semiconductor 
lasers are based on the recombination of electrons and holes in a p-n 
15 
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junction. It is the way in which this recombination produces photons, or interacts with 
photons already present, that determines the behaviour of the laser. As a p-n junction is 
required in order to create the required recombination, the p-n junction forms the heart 
of the laser. It is the recombination within the p-n junction that provides the optical gain, 
and also the required spontaneous signal. The only component still required to form a 
laser cavity is the optical feedback. The simplest method of providing the feedback is to 
form mirrors around the junction to reflect the photons produced within the p-n junction. 
A mirror is created by a sharp change in refractive index (n). As semiconductors have a 
value of n approximately three times that of air, a mirror can be created by simply 
cleaving the semiconductor material. Although more complicated methods can be 
employed to create the optical feedback, the most common method is to simply cleave 
two parallel faces with the p-n junction lying in the plane perpendicular to these faces. 
The cleaved facets form mirrors, and this type of laser is referred to as a Fabry-Perot 
laser. This is the type of laser that has been used for the work presented in this thesis. 
Although all the required components are now provided, a simple unaided p-n junction 
does not provide satisfactory practical performance. To allow the creation of a viable 
laser, the performance of the p-n junction must be significantly improved. This can be 
done by designing improvements into the structure of the p-n junction, or to the 
structure into which the p-n junction is contained. Advances in growth technology and 
fabrication have allowed such designs to be implemented and have resulted in 
significant improvements to laser efficiency. 
These design improvements are centred on three main areas. The first area is in the 
fabrication of current confining designs. These improve the operating characteristics of 
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the laser by ensuring the most efficient use of the injected current. This is done by 
forcing all the injected current to pass through the p-n junction, or `active region'. The 
second area of improvements has focused on the ability to grow complex structures 
within the laser. This has allowed the utilisation of heterostructures and quantum wells 
that harness quantum effects in order to significantly improve the efficiency of the 
processes involved. The final area that has been used is the introduction of strain to the 
active region to alter the fundamental properties of the semiconductor material. This has 
allowed the engineering of the electronic bandstructure within the material to give 
properties that are more suited to laser operation. 
The following sections describe these improvements in more detail, as well as 
discussing the basic mechanisms underpinning the operation of a modern long 
wavelength semiconductor laser. 
2.2 Heterostructures 
Although a p-n junction is all that is needed to create a semiconductor laser, the process works 
more efficiently if both the carriers and the photons can be confined to the same region of the 
junction. This can be achieved for both the optical field, and the carriers, by using a 
distinctive property of III-V semiconductor materials. This is the relationship between 
the bandgap and the refractive index. Any increase in the bandgap of the semiconductor 
material is generally complemented by a decrease in the refractive index, and vice versa. 
This means that by growing the laser from layers of different semiconductor alloys the 
bandgap and refractive index profile can together be tailored to improve performance. 
This is done by creating refractive index steps that confine the optical field using 
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different alloys. The changes in alloy composition and energy gap also introduce energy 
barriers that allow confinement of the carriers to the same region. If an energy step is 
created on both sides of the active region, this is called a double heterostructure laser. 
2.2.1 Quantum Well Lasers 
The main problem that occurs with the double heterostructure approach 
is that the optical 
field has dimensions measured in microns. Unfortunately in order to spatially confine an 
electron, a confinement region of the order of nanometres 
is required. This can be 
achieved by introducing a separate confinement heterostructure with the carriers and 
photons confined by different sections of the structure, as shown 
in figure 2.1. 
Electron and 
\ 
Electron and 
Hole Energy Barriers. 
Active Region / Hole Distribution 
BandGap 
Cladding Layer 
IL 
__ý 
Optical Confinement Region 
Optical Field. 
Refractive Index. 
Figure 2.1 Schematic diagram showing how the bandgap energy and refractive 
index are varied to confine the electron and hole in one region, while 
confining the optical field in a separate wider region. 
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The optical mode is confined by the refractive index step of the cladding layers, while 
the electrons are confined to the active region by the bandgap step of the barrier region. 
If the dimensions of the confinement potentials for the electrons and holes are reduced 
to a small enough level, of the order of their de Broglie wavelength, then the carriers 
will experience quantum confinement effects. If this occurs then the confinement 
regions are known as quantum wells. 
These quantum effects dramatically change the nature of the energy states available for 
the electrons. Instead of the 3D continuum of states available in a `bulk' device, the 
electrons are confined to a series of discrete energy levels in the direction of growth, 
although they still experience a continuum of states for motion within the plane of the 
active region. It is in a large part because of this quantisation that the quantum well 
improves the efficiency of the laser. This is because the reduction in the dimensionality 
changes the form of the density of states, increasing the radiative proportion of states at 
the band edges. The reduction in the size of the active region and the improved density 
of states are directly reflected in a reduction in the current required to achieve lasing. 
2.3 Radiative Mechanisms 
2.3.1 Electronic Transitions 
The optical recombination processes for electrons and holes within a semiconductor are 
the same as those found in a conventional two state laser oscillator. Although the energy 
distribution of the electronic states is more complex in the semiconductor, the three 
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mechanisms for electron-photon interactions remain the same. These interactions are 
shown schematically in Figure 2.2. 
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Figure 2.2 Schematic representation of the three basic optical processes in a 
laser. The first process shows spontaneous emission, with the emitted photons 
having random direction and phase. The second process shows stimulated 
emission caused by an incident photon. The emitted photon has the same 
direction and phase. The final process shows photon absorption. 
Spontaneous emission is the random recombination of an electron and hole to produce a 
photon. This process occurs whenever there are electrons present that can recombine 
with available hole states, producing a photon emitted with no preferred direction or 
phase. The absorption process is effectively the reverse of the spontaneous emission 
process. Any photon passing through the semiconductor material that has enough energy 
to promote an electron across the band gap could be absorbed. The energy of the photon 
is used to promote the electron to the conduction band. 
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The third and final process is the most important in terms of achieving lasing 
performance. This is stimulated emission, which can occur when an incident photon 
interacts with an electron in the conduction band, causing the electron to recombine with 
a hole state, and emit a photon with the same direction, phase and energy as the original 
photon. This is allows amplification of the incident photon field, a key requirement of 
the lasing process. 
2.3.2 Population Inversion, Transparency and Gain 
Under thermal equilibrium stimulated emission is very unlikely to occur. This is because 
the population of electrons in the conduction band is very small, and the photon is far 
more likely to be absorbed. In order to create a situation where stimulated emission is 
probable, the photon must encounter an increased number of electron-hole states with 
the correct energy. This is normally achieved in semiconductor lasers by electrically 
injecting carriers into the active region. As the injected carrier density increases the 
chances of stimulated emission also increase, until a point where the probability of the 
photon causing stimulated emission is equal to that of it being absorbed. At this point 
the material is effectively transparent, as there is no loss of optical intensity through the 
material. 
The requirement for optical transparency, and therefore the condition for net optical 
gain, was first stated by Bernard and Duraffourg[l 5], namely 
Efc - ErV>by (2.1) 
where Efc and E1 are the quasi-Fermi levels in the conduction and valence bands. 
21 
Chapter 2 Basic Theory of Long Wavelength Laser Operation 
This condition states that to create a situation with net optical gain, enough carriers must 
be injected to separate the quasi-Fermi levels by more than the photon energy. As the 
minimum photon energy that can be absorbed equals the bandgap of the material (Eg), 
transparency occurs when the quasi-Fermi level separation is equal to Eg. The carrier 
density required to achieve this quasi-Fermi level separation is referred to as the 
transparency carrier density (N, r). 
If the carrier density is increased above this point, increasing the quasi-Fermi level 
separation, stimulated emission will dominate over absorption for photon energies that 
lie between E. and (Efc-Ef). This leads to a situation of net gain within the active region. 
Although photons that satisfy equ (2.1) will undergo gain, the amount of amplification is 
dependent on the electronic structure of the material for each energy. This creates a 
situation where the amount of gain or absorption is dependent on the wavelength of the 
photon. Photons below the bandgap, to a first approximation, are neither absorbed or 
amplified (assuming no unexpected states at this energy), while those with energies 
larger than the quasi-Fermi level separation experience net absorption. Those in between 
are amplified to a degree that depends on the bandstructure. The relationship between 
the photon energy and gain is known as the gain spectrum. Figure 2.3 shows a schematic 
representation of a gain spectrum. 
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Figure 2.3 Schematic diagram showing how gain spectrum varies with energy. 
2.4 Internal losses, Mirrors and Lasing 
Threshold 
The gain spectrum presented in figure 2.3 assumes that the only mechanism present to 
remove photons is the absorption process shown in figure 2.2. There are several other 
mechanisms that can reduce the number of photons within the laser. These include 
losses due to effects such as free carrier absorption, scattering, etc. The effect of each 
process is difficult to ascertain, and they are often collectively referred to as the internal 
losses (a;,,, ). 
Another factor determining the magnitude of the gain is how well the optical field 
couples into the active region. Although the photons are guided by the heterostructure, 
not all of the optical field will travel within the gain medium. To take this into account, 
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a parameter called the optical confinement factor (F) is introduced. It simply represents 
the fraction of the optical energy that travels within the gain region. We can now write 
the net gain experienced by the photon as: - 
G(X) = rg(X) - a, ý, 
(2.2) 
Where G is the net modal gain and a;,,, is the internal loss, and g is referred to as the 
material gain. 
It is not sufficient that photons should just experience gain within the semiconductor. In 
order to achieve lasing one wavelength needs to be selected and coherently amplified. 
Figure 2.4 shows how this is achieved using mirrors to select a discrete set of possible 
values, or modes, from which the lasing wavelength is selected. 
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Figure 2.4 Schematic diagram showing how mirrors are used to set up a laser 
cavity. The length of the cavity is denoted by L, while the mirror reflectivity's 
are R, and R2 respectively. 
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The reason that the mirrors select particular modes is because in order that the reflected 
light remains coherent, the round trip distance of the photon must be an exact multiple 
of its wavelength. The wavelengths for which this occurs are given by equ(2.3) 
2nL 
)l =m 
(2.3) 
where ý, is the photon wavelength, n is the refractive index within the semiconductor, 
and m is any integer value. 
The condition that determines whether lasing occurs is that the total round trip gain 
experienced by the photons must be unity. This is known as the threshold condition, 
above which the amplification process becomes self sustaining. The condition that 
defines when threshold occurs is when the gain overcomes all losses. This will be the 
case when 
RIRZe2C1. =1 (2.4) 
Equation (2.4) simply states that the net modal gain experienced over one pass through 
the lasing cavity must equal the mirror losses. It should be noted that the losses due to 
a;,,, and F are accounted for by using the modal gain in equ(2.2). 
It then becomes a simple step to calculate the net modal gain required in order to 
achieve lasing, referred to as the threshold modal gain (Gth): 
G'h 
2L 
In 
f 
R 
1R I1 
', -'i--z / 
(2.5) 
This can also be expanded in terms of the material gain, g, required by substitution using 
equ(2.2). This gives 
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g_11 In 
1+a; 
nt 
(2.6) 
I' 2L R, RZ 
It can be seen from equ(2.3) that a discrete set of wavelengths, or modes, will be 
selected by the mirrors. The mode that will then exhibit lasing is the mode that is at the 
wavelength for which the gain spectrum first satisfies equ(2.6). The gain spectrum will 
become pinned at this point because any extra carriers injected into the active region are 
used immediately by the runaway lasing process. This ensures that only one mode lases, 
and that any extra carriers injected create photons only at that wavelength, thus 
increasing the laser output. 
2.4.1 Determination of Threshold 
In order to determine the point at which threshold occurs, measurements are made of the 
total light output from a laser. The parameter that is often chosen to control the laser 
performance is the injected current, so the measurement consists of determining the 
light-current (LI) characteristics of the laser. 
The equipment needed to perform such a measurement is, in principle, simple. A 
variable current supply is required that can provide enough current to ensure the laser 
reaches threshold as well as a broad area detector suitable to absorb the wavelengths 
emitted by the laser sample. A broad area detector is used as this can effectively 
integrate the entire light output from the laser facet. The injection current is increased in 
steps and the integrated light output recorded. The current is increased until the light 
output has gone through a region of super linear increase and then resumed a 
linear 
increase, as illustrated in figure 2.5. 
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Figure 2.5 An example of the measurements used to find the threshold of a 
laser. The threshold current is often defined by the point at which the linear fit 
of the above threshold data intersects the current axis. 
The threshold is then often defined by a linear extrapolation of the upper linear region 
back to the current axis. This point is determined as the threshold current (I,,, ). 
2.4.2 Temperature Dependence of the Threshold 
Current 
One of the main aspects of this thesis will be the study of the mechanisms that cause the 
temperature dependence of the threshold current in long wavelength semiconductor 
lasers. Once the threshold current has been determined at various temperatures using the 
technique outlined in section 2.4.1, some means is needed of quantifying the degree to 
which it is temperature sensitive. The standard method of doing this is to use a 
parameter referred to as the characteristic temperature, To. This temperature is based 
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upon the assumption that, at least over the temperature range of interest, the increase in 
threshold with temperature displays an exponential relationship defined by 
I- a exp 
-I 
(2.7) 
.L , I, O 
TI 
To J 
where T is the temperature in Kelvin, and To is the characteristic temperature, also in 
Kelvin. 
This relationship is empirical, but has been shown to give a reasonable agreement for a 
wide range of samples. Large values of To imply that the threshold current is relatively 
insensitive to temperature, with the temperature sensitivity increasing as To decreases. 
In order to determine the value of To for a laser the threshold current must be measured 
at more than one temperature. If equ (2.7) is rearranged then it can be seen that: - 
1_ d(in(Ith)) 
- 
In(Itb(Ti )) - ln(Im (Ti )) 
To dT T: - T, 
(2.8) 
where T, and T2 represent the two temperatures at which the threshold measurements 
are made. 
The characteristic temperature can be evaluated simply by plotting In(h) against 
temperature. This should provide a straight line, the gradient of which is the inverse of 
To. An example of this is shown in figure 2.6. 
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Figure 2.6 A graph showing the calculation of To for a laser. The ln(Ith) is 
plotted against temperature, and the inverse gradient (found using standard 
regression) gives the characteristic temperature To. 
2.5 Strain 
Advances in growth technology have enabled a further method of engineering the 
properties of semiconductor heterojunctions, namely the introduction of an inbuilt strain 
to the active region by the growth of lattice mismatched material onto the substrate. The 
strain is introduced because, if the layer is thin enough, the active region material 
deforms to match the lattice constant of the substrate material. With good quality growth 
and material a lattice mismatch of up to 2% can be accommodated for layers up to 
o 
I OOA. This is the approximate size of layer required to form a quantum well. If the 
lattice constant of the growth layer is larger than the substrate then the material 
compresses to fit. This introduces compressive strain. If the lattice constant of the 
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growth material is smaller than the substrate, then tensile strain is introduced. An 
example of how the active layer is distorted is shown in figure 2.7 for tensile strain. 
Mis-Matched 
Layer 
Substrate 
Tensile Strained Layer 
Sub+trate 
Figure 2.7 Schematic diagram showing how the active layer distorts to 
accommodate the lattice spacing of the substrate. 
The main reason why the introduction of strain is desirable is that it breaks the cubic 
symmetry of the semiconductor lattice. This has the effect of breaking the degeneracy of 
the valence bands at the zone centre. The light hole (LH) and heavy hole (HH) are split 
by an amount 
DE = Jb£axf (2.9) 
where AE is the energy separation between the LH and HH at the zone centre, eax is the 
axial strain and b is the strain deformation potential. 
In order to accurately model the effect of the strain on laser, the value of b needs to be 
known. This can present a problem, as the value of b for a particular laser is strongly 
dependent on the material composition. The value of b has been measured for the binary 
compounds that are used to create 1.55µm lasers, such as InP, GaAs, InAs and GaP[16). 
Evaluation of the value for an arbitrary composition, ie In,, Gat_XAsyPi-y, is achieved using 
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an interpolation between the values for the binary compounds. Although an 
interpolation is often used, there is little experimental evidence to show that this gives 
the correct value of b. The accuracy of the interpolation technique suggested by Krijn 
[ 16] is tested in chapter 5 by measuring the effect of strain on AE using a set of tensile 
strained laser samples. 
The value of DE is typically of the order of 60meV for aI% strained laser. The effect of 
splitting of the LH and HH is to improve the laser performance by reducing the number 
of states that need to be occupied to achieve population inversion. The strain also 
improves the tensile strain laser by reducing the effective valence band mass. It has been 
shown by Thijs et al. [1I] that the introduction of strain gives significant improvements 
in laser performance, most notably reductions in threshold current. It does not however 
appear to have a significant effect on the temperature sensitivity of long wavelength 
lasers when compared to their unstrained counterparts. 
2.6 Non-Radiative Mechanisms 
Non-radiative loss is a term used to include all mechanisms that remove carriers from 
taking part in the radiative processes. This includes such effects as defect and surface 
recombination, intervalence band absorption (IVBA), Auger recombination and carrier 
spillover and leakage. In recent years the crystal growth of lasers has become of 
sufficiently good quality that very low defect densities are present. This has made 
defect-related losses insignificant when compared to the other mechanisms. It has also 
been shown [17][18] that IVBA is almost completely eliminated by the introduction of 
strain, and even if present, has very little direct temperature dependence. As the main 
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purpose of the work in this thesis in concerned with the temperature dependence of the 
threshold current, only Auger and carrier spillover will be considered in detail in this 
chapter. 
2.6.1 Auger Recombination 
Several authors have provided evidence that Auger recombination is the dominant loss 
mechanism in the long wavelength lasers, responsible for 80-90% of the total threshold 
current in 1.5µm devices[ 19][20]. It was originally hoped that the Auger current would 
be significantly reduced in strained QW devices [7], but this has not proved to be the 
case. 
There are two different types of Auger recombination mechanisms which are of interest, 
namely direct Auger and phonon-assisted Auger processes, schematic representations of 
which are illustrated in figure 2.8. 
In the direct CHCC process, the energy and momentum released when a Conduction 
electron and a Heavy hole recombine is used to excite a Conduction electron to a higher 
Conduction band state. In the CHSH process, the energy and momentum released excite 
an electron from the Spin split-off band into a state in the Heavy hole band. Figure 2.8 
also shows an example of the phonon-assisted CHSH Auger process, where the electron 
excited from the split-off band passes through a forbidden intermediate state (I) and is 
then scattered with the absorption or emission of a phonon to the final state. The 
interaction with the phonon relaxes the band structure momentum conservation 
requirements and significantly reduces the material and temperature dependence of this 
process. 
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Figure 2.8 Schematic representation of the Auger processes of interest. The 
first two processes show direct band to band Auger recombination using the 
CHCC and CHSH path. The final process shows how the energy and 
momentum conservation of the transition can be relaxed in phonon assisted 
Auger recombination. 
2.6.1.1 Temperature Dependence of Auger Recombination 
As Auger recombination is a three carrier process, the recombination rate, rNR is 
approximately given by: - 
rnR = C(T)N' 
where C is the Auger recombination coefficient and N is the carrier density. 
(2.10) 
The carriers involved in the direct Auger process must satisfy the laws of conservation 
of energy and momentum. For this reason the Auger recombination coefficient is 
heavily dependent on the band structure in the semiconductor, and the thermal energy of 
the carriers. It can be approximated by 
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C(T) = C, exp -DE kbT 
(2.11) 
Where Cr is a complicated expression determined by the material properties, AE is the 
Auger activation energy, kb is Boltzmann's constant and T is the temperature. 
The value of AE determines the temperature dependence of the Auger coefficient. If the 
Auger process had zero activation energy, AE=0 meV, then the value of C becomes 
independent of temperature. For direct Auger processes DE = 60-70 meV [21 ], while for 
phonon assisted Auger DE = 20-30meV, giving some degree of temperature dependence 
to the Auger coefficient. 
Equ (2.10) and (2.1 1) can be used to determine the temperature sensitivity of the 
threshold current. In an ideal quantum well the threshold carrier density required has a 
linear temperature dependence [22] 
N 
,h «T 
(2.12) 
It has been stated in section 2.6.1 that, to a first approximation, the threshold current is 
comprised totally of the Auger recombination current. From equ (2.10), it can be seen 
that the threshold current, Ith, can be written in terms of the Auger recombination rate, 
and hence in terms of the temperature, T. 
I, h 
oc rn, R 
« C(T)T; (2.13) 
By substitution for C(T) using equ (2.11) and by determination of To using equ (2.8) 
then [23] 
T 
To 
3+MEYkT 
kbT 
(2.14) 
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It can be seen from equ (2.14) that for the case where the Auger coefficient has no 
temperature dependence, AEa=O, then the characteristic temperature , 
To, for all Auger 
dominated lasers will reduce to 
_T TO 3 
(2.15) 
Equation (2.15) shows that if Auger does dominate the threshold current, then even if 
the Auger coefficient shows no temperature dependence, iE=0, the best value of To will 
be =100K at room temperature. If the Auger process does have an associated activation 
energy then the value of To can only be decreased, with direct Auger, AE = 70meV, 
giving To = 40K, and phonon assisted Auger, AE = 25meV, giving To = 60K. 
2.6.2 Carrier Spillover 
The process of carrier spillover refers to the possibility of carriers failing to be confined 
by the heterostructure energy barriers. In this case the electrons drift through the active 
region and into the cladding layer on the other side, were they quickly recombine or are 
swept away and take no more part in the lasing process. This is shown schematically in 
figure 2.9. 
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Figure 2.9 Schematic diagram showing the process of carrier spillover. 
Although this process is less likely to be a problem in long wavelength lasers than 
visible lasers because of the higher energy barriers available when using InP substrates, 
it has been suggested that it is significant in 1.34m lasers. One method of testing for the 
influence of carrier leakage is the use of hydrostatic pressure. The application of 
hydrostatic pressure allows the heterobarrier height to be reduced. It has been shown by 
A Phillips [24] that leakage is not a significant loss mechanism in the 1.55µm lasers 
used in this thesis, but that Auger and leakage may be present in the 1.3µm lasers used. 
The overall temperature sensitivity will be governed by a combination of the effect of 
the Auger contribution, the carrier spill over and the degree to which the behaviour of 
the laser approaches the ideal case. If the laser does not behave in a manner that 
approaches the theoretical case for a quantum well, then the degree of temperature 
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sensitivity can be increased. In order to represent the effect of non-ideal properties on 
the threshold current, a parameter, x, can be introduced phenomenologically to 
equ(2.12)[23]. 
Nh« T"' (2.16) 
where x=0 for an ideal quantum well, and increases as the quantum well departs from 
the ideal case. This departure can be caused by many factors and may be observed 
through poor performance of parameters such as the differential gain. There is currently 
no consensus in the literature as to what degree each mechanism is responsible for the 
temperature sensitivity in 1.55µm and 1.3µm lasers. It will be shown in this thesis that 
for 1.55µm lasers the value of x must be small, and that the temperature sensitivity is 
almost entirely caused by the Auger recombination current. It will also be shown for 
1.3µm lasers that although the Auger contribution is still significant, the value of x must 
be larger, and therefore the situation is less clearly defined. 
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Chapter 3 
3. Experimental Setup 
3.1 Introduction 
This chapter outlines the experimental setup and equipment considerations needed to 
perform the spectroscopic measurements described in later chapters. It begins in section 
3.2 by providing a schematic overview of the spectrometer system and the measuring 
equipment used to carry out the Hakki - Paoli gain measurements presented in chapter 6. 
Included in this section is a brief overview of how the system is set up and operated. 
Section 3.3 then gives more detailed information on each piece of the equipment, 
including for instance the specifications and any settings required. 
The optical setup is discussed in section 3.4, starting with a brief overview of how the 
spectrometer works. This is required in order to explain the reasoning behind the choice 
of optical components. The choice of optical setup is then described and the reasons for 
each choice explained. 
38 
Chapter 3 Experimental Setup 
In the measurements that are described in later chapters, it is important that the system 
be maintained at peak performance in order to ensure the accuracy and success of the 
experiments conducted. In section 3.5 the process of setting up a laser sample in order to 
carry out a measurement is discussed. This section details procedures that need. to be 
carried out after every sample change. These procedures were developed in order to 
maintain an accurate and reproducible system response, while ensuring the maximum 
possible signal throughput. 
In all sections, details of the various developments that have evolved in order to 
optimise this experiment are discussed, along with how these changes were checked and 
validated. These changes pertain mainly to the lens arrangement and the type of 
polaroid. 
3.2 Overview of the System Configuration 
This section provides an overview of the experimental setup required in order to carry 
out the measurements detailed in later chapters, describing how the equipment is 
connected and outlining the routine used to execute a measurement. Figure 3.1 shows a 
schematic overview of the measurement apparatus. 
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Figure 3.1 A schematic of the equipment and how it is assembled. 
In order to carry out a measurement the required laser sample must be loaded into the 
laser clip. The optics then need to be aligned in order to capture the output from the 
laser and direct it into the spectrometer. The procedures required to ensure correct 
alignment of both the optics and the laser are given in section 3.5. 
Once the laser and optics are aligned then the user must set up all the other components 
in the system. This is done using specifically written software for the PC that controls 
and conducts the measurements. The PC is connected to the rest of the equipment via 
the IEEE bus, apart from the spectrometer, which uses an RS232 protocol. This enables 
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the PC to control all aspects of the measurement system. Each component has a separate 
control interface within the control software on the computer. 
In order to carry out a measurement, the user would cycle through each interface and set 
the parameters for each component in turn. The user would first enter the pulser control 
interface and select the laser current, the pulse width and the duty cycle. This would then 
be followed by entering the lockin interface in order to set the time constant and any 
filters required. (With low duty cycles a bandpass filter gives the best results, while for 
50% duty cycles a flat filter is most suitable. ). The time constant is set depending on the 
degree of signal expected. The smaller the signal, the longer the time constant the lockin 
requires to average over in order to eliminate the background noise. The measurement 
range is selected automatically and dynamically depending on the input signal strength. 
This is a required feature as the signal can vary over orders of magnitude and the lockin 
must be able to maintain a reasonable scale of measurement. The user would then need 
to adjust the settings for the spectrometer. This requires setting the limits for the 
wavelength range of the spectra and the number of points required, which determines 
the wavelength spacing between each measurement point.. Finally the user 
inputs the 
temperature required into the temperature controller and waits for the sample to reach 
thermal equilibrium. 
Once all the required parameters have been set then the user must set the spectrometer 
resolution manually by adjusting the slit width. This is done using a micrometer 
adjustment screw built into the slits. Once this has been set, then the equipment 
is set up 
and all that remains is for the user to enter "GO" in order to execute the measurement 
control software. The computer maintains the specified temperature and current while 
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incrementing the wavelength of the spectrometer with a time interval related to the time 
constant of the lockin. The time interval between wavelength changes needs to be 
sufficiently great that the lockin has time to average the signal over more than one time 
constant before the signal is measured. 
The software will automatically complete the spectral measurement, although care needs 
to be taken that the entire setup is not interfered with during this period. This includes 
minimising vibrations and shocks that might occur to the optical bench. This can be an 
important consideration for high resolution measurements as any slight movement in the 
optical components can have a drastic effect on the experiment. 
3.3 Equipment Details 
This section gives a more detailed description of the equipment overviewed in section 
3.2 on an item by item level. This information includes the type, make and specification 
of each piece of equipment as well as any special instructions or settings required. 
3.3.1 The Spectrometer 
The spectrometer used was a Spex Im spectrometer with variable entrance and exit slits, 
capable of 2µm adjustments over a range of 0-3000µm. It has a ruled 600 line grating, 
blazed at 1.5µm. The grating can be fitted with a diamond mask, which can be used to 
reduce erroneous refracted light from the edges of the grating, improving the high 
resolution response of the spectrometer. The specified resolution is 0.06Ä at a slit width 
of 8µm. The calibration has been checked and is within the specification, both for 
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wavelength and resolution. The spectrometer is controlled by a control box that is linked 
to a computer using an RS232 interface. 
3.3.2 The Optics 
The lenses used are Ealing Optics BK7 optical lenses with AR coatings, optimised for 
1.5µm and supplied with 5cm and 1cm diameters. Various focal lengths were available, 
but only the 10cm, 50cm and 8cm focal lengths were needed in the 5cm diameter range, 
and the lcm focal length in the lcm diameter range. 
A 10 cm diameter thin film polariod capable of 10-3 extinction ratio was available, 
although a lcm diameter Glan Thompson prism, capable of a 10-5 extinction ratio [25] 
was also purchased. The use of the prism involved an upgrade of the optical components 
and a change in lenses that is detailed in section 3.4.2. 
All the lenses were fitted to lens holders mounted on an optical rail with built in micro 
positioners. 
3.3.3 The Detector 
An ADC model 403R cooled germanium detector was used. This type of detector was 
chosen both for its wavelength range and its high sensitivity at low signal strength. This 
makes it suitable for high resolution measurements where the high degree of spectral 
filtering results in low signal strengths. 
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3.3.4 The Detection Electronics 
3.3.4.1 The Oscilloscope 
A1 MHz Tektronix digital sampling scope, model 5210, was used to both monitor the 
current and the detector pulse shape, and also to directly measure the magnitude of the 
current within the laser sample. This oscilloscope comes with an in-built IEEE interface 
that allows the transfer of the measured data to the rest of the system. 
3.3.4.2 The Current Probe 
A Tektronix CT-2 current probe with I mA to 1mV output was used to measure the 
pulsed current flowing in the laser. This device is an induction device that determines 
the current by measuring the changing magnetic flux. It can only work for measurements 
that involve pulsed operation of the laser. In the case of CW operation a simple resistor 
was used and the current inferred from the voltage drop across the resistor. 
3.3.5 The Lock-In Amplifier 
An EG&G Model 5210 lockin amplifier was used to obtain the signal from the detector. 
The use of a lockin amplifier provides a significant degree of noise rejection when used 
in conjunction with a pulsed or chopped laser. This is achieved by the amplifier 
comparing the signal obtained during an `on' period of the signal, to that obtained 
during the 'off' eriod. By comparison of the signals the background noise can be 
removed and the actual signal measured. 
Although it was generally aimed to chop the signal with a duty cycle of 50%, it was 
decided that the best method of turning the signal on and off would be simply pulsing 
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the laser. This was also helpful in using the devices that were to be measured because 
many were not capable of being used in a CW mode. For some devices the duty cycles 
needed to avoid overheating were as low as =5%. In order to work effectively a lockin 
amplifier capable of working with duty cycles in this range was required. The Model 
5210 has a special TTL input that is specifically designed for use with low duty cycle 
applications. This amplifier also has an IEEE interface for connecting it to the rest of the 
equipment. 
3.3.6 The Laser Power Supply 
The lasers used all fell within similar operating current ranges. This meant that power 
could be supplied by one unit for all the devices. This might not always be the case; the 
choice of power supply needs to be made in consideration of the operating range of the 
laser and the degree of current control required. In the case of this experiment the ability 
to reach threshold and to control the current to within =1 % of its magnitude at threshold 
was required. As all the lasers had thresholds of a similar order of magnitude one power 
supply sufficed. In order to achieve the control needed a Hewlett Packard model 8112a 
50MHz pulse generator was selected. Even though this device uses a selectable voltage, 
and not selectable current, it was chosen because a current supply with the necessary 
features was not available. This was not a particular handicap though, as the facilities 
needed to measure the current were already in place. Also the availability of an IEEE 
interface on the current measurement device and the pulse generator allows for feedback 
from the measurement system. This allows the voltage to be adjusted in order that a 
particular current can be selected. 
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3.3.7 The Control Equipment 
The whole experiment used a 486 DX 33 PC with IEEE interface card, with the 
software either specially written or modified, to control the execution of the 
measurements. The software could set the experimental parameters such as the current 
in the laser and record the output signal from the lock-in amplifier. It could also make 
many of the necessary adjustments to the measurement system, display the results and 
log the data over an entire spectrum. This was done by adjusting the position of the 
spectrometer grating. The program was also capable of carrying out measurements of 
the LI characteristics of a laser before any spectral measurements were undertaken. The 
analysis of the measured spectra was done remotely using programs written on the 
departmental network. The control computer was only connected to the departmental 
network to enable the transfer of the data. 
3.3.8 Temperature control 
In order to get accurate and reproducible results, the ability to maintain the temperature 
of the laser was vital. To study the effect of temperature on the operating characteristics 
of the laser, it was essential to be able to control the magnitude of the temperature. In 
order to do this, the laser mount was set on top of a Peltier cooler/heater. A small hole 
was drilled close to the site of the laser, into which a NiCr/NiAl thermocouple was 
placed. The thermocouple was connected to a Keithly model 196 digital multimeter with 
IEEE interface. The output from the multimeter was then fed into the computer where a 
control program could adjust the current flow to the Peltier element. This allowed for 
fine control of the temperature (=+/-O. 1 °C). The control program has parameters to 
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allow for the size and thermal characteristics of the laser mount used, mainly related to 
the temperature difference and the gradient of the temperature change. These improved 
the speed at which a new temperature is reached, and also the control of the temperature 
when it is being kept constant. 
3.3.9 Other Equipment 
Several items of general purpose equipment were also required to operate the 
experiment. These include a 3mW He-Ne polarised laser. (The polarisation was not 
essential, but was used to verify the orientation of the Polaroid. ) The laser was used 
mainly for alignment purposes, as outlined in more detail in section 3.5. A broad area 
germanium detector was also required for LI measurements. The cooled germanium 
detector was not suitable for illumination by unfiltered laser emissions, due to its high 
sensitivity causing it to be completely overloaded. It is easier to use a broad area 
detector than rely on various degrees of neutral filtering for the LI measurements. The 
broad area detector is small and portable and can be inserted into the optical path with 
ease. 
A controllable current supply rated to =20A was also required to power the Peltier 
cooler/heater. 
3.4 The Optical Setup 
Although all the equipment needed to carry out the gain measurements is shown in 
figure 3.1, the choice of optical components has not yet been discussed. In order for the 
system to work properly the lenses used must be matched to the spectrometer and 
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sample to optimise the performance and ensure correct results. To do this, an 
understanding of the components inside the spectrometer and how the spectrometer 
works is required. The basic theory behind the spectrometer is discussed in the next 
section, along with how to use this information to select the other optical components in 
the system. 
3.4.1 The Spectrometer 
A spectrometer uses a diffraction grating to split the light into its component 
wavelengths. The diffraction grating is mounted in a box, usually with a set of mirrors 
that are used to direct the light on to the grating. This is shown in figure 3.2. 
Exit 
Slit 
Entrance 
Slit 
Spectrometer 
Figure 3.2 Schematic diagram showing the optical path inside a spectrometer. 
Several requirements must be satisfied for the spectrometer to work correctly. This 
includes ensuring the spectrometer is level and correctly calibrated. For the performance 
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of the spectrometer to agree with theory, it is also essential to ensure that the grating is 
fully illuminated. Although the grating may have 600 lines, only those that are 
illuminated will contribute to the diffraction. All 600 lines must be illuminated to 
achieve optimum performance. The light beam that illuminates the grating must also be 
parallel for correct operation. This is because the spectrometer works by assuming a 
known angle of incidence. If the light beam is not parallel then this angle is no longer 
constant across the grating and errors will occur, both in the wavelength registered, and 
also in the spectrometer response function. 
The collection mirror shown in figure 3.2 is designed so that an image formed at the 
entrance slit will be at the focus of the mirror. The mirror is also angled so that the 
reflection, which will be a parallel beam, falls exactly on the grating. The minor has the 
same dimensions as the grating, therefore if the mirror is completely filled it follows that 
the grating will also be fully filled. This must be the case to ensure correct results. The 
focusing mirror plays a similar role for the output. This minor is focused on the exit slit 
and directed so that a parallel beam originating from the grating forms an image at the 
exit slit, where it is registered by the detector. 
This means that in order to achieve correct results the optics used must present an image 
of the laser at the entrance slit of the spectrometer. Although this would completely fill 
the collection mirror and give correct results, the throughput would be far from 
maximised. This is because the light entering the spectrometer would not fall 
exclusively on the mirror, but would emanate in all directions. Only the light entering 
the solid angle defined by the diameter of the mirror and its distance from the slit would 
be collected. The rest of the signal would either be absorbed within the spectrometer, or 
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be internally reflected until passing through the exit slit and being detected as spurious 
noise. 
In order to reduce these reflections and increase the throughput signal, a focusing lens is 
used. This lens simply has the same relative aperture as the collection mirror. The 
focusing lens is then placed on the optical axis with its focus on the exit slit. Any 
parallel beam along the optical axis that fills the aperture on the focusing lens will then 
pass through the spectrometer. This will then fulfill all the conditions for correct 
performance and without any losses due to overfilling of the collection mirror. This is 
shown in figure 3.3. 
Aperture Stop. 
n 
U 
Collection Mirror. Focusing Mirror. 
Grating. 
v 
Exit Slit. 
; iii 
Detector. 
Figure 3.3 Schematic diagram showing the optical setup used for the Hakki- 
Paoli gain measurements. 
All that is now required is to collect the light emitted from the laser and form it into a 
parallel beam. In order to maximise the signal, as much of the emitted light as possible 
needs to be collected. In order to do this, the nature of the light source needs to be 
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examined. A diagram of a semiconductor laser is shown in figure 3.4. Due to the 
dimensions of the active region in a semiconductor laser, the light beam emitted is 
highly divergent. The angle of divergence is approximately 6d). In order to collect as 
much light as possible the relative aperture of the collection lens needs to be as closely 
matched to the laser output as possible. 
Figure 3.4 Diagram showing divergent laser beam output. 
The laser output corresponds to an inverse relative aperture, or f-number(f/#), of 1. 
Unfortunately it is very difficult to make lenses that have this magnitude of f/#, and the 
errors caused by aberrations in such lenses are excessive. This would indicate that a 
compromise is needed. The use of a larger f/# (i. e. 1.5) allows the use of standard size 
lenses while not significantly altering the collection factor. This is because the output 
from the laser has a Gaussian distribution. Therefore, the majority of the signal is still 
collected. This also has the beneficial effect of ensuring that the collection lens is 
overfilled. This will ensure that the subsequent beam size is directly fixed by the 
collection lens aperture, so that the following lenses and mirrors are not underfilled. 
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Using the information given in the preceding paragraphs, the choice of the size and focal 
lengths of the required optics can now be made. There is however one other factor that 
must be considered, the polarisation response of the spectrometer. This is an important 
factor, as the system will be used to carry out polarisation sensitive measurements. 
Although the techniques used are not dependent on the absolute polarisation response, 
the response must be changing slowly over the average mode spacing, for a 
semiconductor laser with a length of =500µm in the wavelength range required. The 
response of our spectrometer fulfills this requirement. It should be noted however that 
the spectrometer gives a much better response for the TE polarisation. In order to 
capitalise on this the polariod used is always mounted to pass TE into the spectrometer. 
The sample is then rotated using a special jig, in order that the correct polarisation is 
incident on the polaroid. 
3.4.2 The Optics 
In the spectrometer used in these measurements the diameter of the mirrors and grating 
is 10cm. The length of the spectrometer is I m. This gives an f/# of 10. In order to match 
this with available optical components it was originally decided to use 5cm diameter 
lenses. Therefore the focal length of the focusing lens required is 50cm. The collection 
lens chosen has a focal length of 8cm and a diameter of 5cm. This was found to give the 
best results of the available lenses. In order to eliminate the unwanted polarisations in 
the laser beam, a thin film polariod was used. 
It was subsequently decided that this type of polariod was not adequate for the work the 
system was required to do. The reasons for this are set out in the following section. In 
52 
Chapter 3 Experimental Setup 
order to improve the polarisation response, a Glan Thompson prism was acquired and 
integrated into the optical setup. In order to operate correctly the Glan Thompson prism 
has to be inserted into a parallel beam. The prism is also only Icm in diameter. 
Therefore, the original choice of lenses was inadequate when using the prism. In order 
to achieve a 1cm diameter beam it was decided to use a Icm diameter lens with a focal 
length of 1.2cm. This was also beneficial as it increases the collection factor of the lens 
and should result in a stronger signal. In order to correctly fill the mirrors in the 
spectrometer, the focusing lens was also replaced. As the beam is 1cm in diameter, a 
10cm focal length lens was required to achieve the correct f/#. In order to create this a 
5cm diameter lens was aperture stopped down to Icm. (This has the advantage of 
reducing the aberrations in the lens, as the worst of the aberrations occur at the outer 
edges [26][27]). Unfortunately as the lenses used for the collection have such a small 
f/#, it is difficult to use an aperture stop with a larger lens. It is shown in the next section 
that the performance was not significantly degraded and that a substantial increase in the 
signal throughput was achieved. 
3.4.2.1 Polaroids 
The light emitted from a semiconductor laser can be separated into two distinct 
polarisations. In order to carry out accurate measurements only one polarisation must be 
measured at any time. Any light from the other polarisation will corrupt the 
measurement. In order to eliminate unwanted polarisations it was decided to use a thin 
film polaroid. This type of polaroid has an extinction ratio of 10-3 for the unwanted 
polarisation. Unfortunately it has the undesirable drawback of also absorbing= 15% of 
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the required polarisation. This leads to a notable decrease in the signal and can result in 
unsatisfactory measurements, due to other noise in the system as well as from the 
unwanted polarisation. 
This system should nevertheless be sufficiently accurate for heavily strained lasers (1% 
lattice mis-match) as the in-built strain splits the TE and TM gain spectra, resulting in a 
high degree of polarisation in the light incident on the polaroid. Unfortunately this is not 
necessarily true with unstrained lasers, where the degree of polarisation splitting is 
markedly decreased. The thin film polaroid could still be appropriate for lasers with low 
strain if it were not for one further factor. 
The remaining factor that can have significant effects is the slightly different refractive 
index present in the laser for each polarisation. This alters the modal pattern of one 
polarisation with respect to the other. This means that the peaks do not always 
correspond in each polarisation mode. If the peaks were always aligned then the 
unwanted mode would always be a small fraction of the required signal, and therefore 
easily eliminated. Instead, a `beating' effect is observed, where the peaks of one 
polarisation mode can correspond to the troughs of the other mode. In this case the 
unwanted polarisation can give the dominant contribution to the trough signal, and the 
thin film polariod may not then eliminate enough signal to enable an accurate 
measurement. 
In order that the polarisation `crosstalk' should not corrupt the measurement it was 
decided to use a Glan Thompson prism. This device is basically a prism constructed 
from birefringent material (Calcite). It works by using total internal reflection of one 
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polarisation. This is achieved because the refractive index, and hence the angle for total 
internal reflection is slightly different for each polarisation. One polarisation passes 
through the polariod with no absorption, while the other is totally reflected onto an 
absorbing material. 
This polariod has another significant advantage in that there is less absorption of the 
required polarisation. This increases the amount of signal present with respect to the thin 
film polariod, which absorbs =20% of the required signal. 
In order to check that the Glan Thompson prism was working correctly, both optical 
systems were used to measure a test laser. An example of the recorded output is shown 
in figure 3.5. It can be seen that a significant increase in the signal is observed. If the 
output is analysed using the procedures outlined in chapter 4, the results show that there 
is no significant difference between the two measurements. An example of the gain 
spectrum calculated from the data in figure 3.5 is shown in figure 3.6. This is significant 
for two reasons. It shows that the polarisation separation must be adequate in both set- 
ups for this laser, and that the amount of noise due to other sources is not significant. 
We can therefore assume that there is no significant background noise in the system that 
is the measurement. If there was a background level, then the proportion of the noise in 
each set-up should be different. As the measurements give the same result, this implies 
that the noise cannot be providing a significant contribution. The measurement system is 
therefore completely resolving the required information in the spectral output of the 
laser. 
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Figure 3.5 Graph showing the difference in output between a thin film 
polaroid and a Glan Thompson prism. 
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Figure 3.6 A graph showing the comparison of the gain results from before 
and after the optics were changed. The laser is identical in both cases and the 
good agreement shows that the measurement has not been adversely affected. 
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3.5 Setting Up and Aligning Lasers 
Experimental Setup 
In order that the spectrometer gives the correct results, while maximising throughput 
and reducing the noise contribution, all the optical components must be correctly 
aligned. The laser must also be in the correct position and directed in the correct 
direction. As the lasers used are emitting in the infra red, this can be difficult to ensure. 
If the laser is aligned "by eye", then the beam can be emitted with significant deviation 
from the optical axis. In this case the whole optical set up would be incorrect and very 
dubious results would be gathered. 
In order to ensure that all the components are correctly aligned, the following procedure 
is followed. First the HeNe laser is set up so that the beam enters the centre of the exit 
slit of the spectrometer. The beam is then made to strike the centre of the focusing 
mirror, the centre of the grating and the centre of the collection mirror. The beam will 
then exit the spectrometer through the centre of the entrance slit. This beam now defines 
the optical axis upon which all the optical components must be centred. In order to 
ensure that the laser beam passes through the centre of the slits, mirrors and grating, the 
spectrometer is supplied with targets and pinholes that define the centre of each 
component. In order to make the laser beam strike the centre of the collection mirror, the 
wavelength setting of the grating needs to be set at the wavelength of the laser beam. 
Now that the laser beam defines the optical axis, the semiconductor laser sample can be 
placed in the correct location, i. e. in the laser beam at the correct distance from the 
spectrometer. To ensure that the sample is correctly orientated, the reflection of the 
HeNe beam from the facet can be observed. The sample will be correctly aligned when 
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the facet is perpendicular to the optical axis. This will be true when the reflected HeNe 
beam is directed back along the optical axis and into the spectrometer. The sample 
orientation can be adjusted, while keeping the facet in the beam, so that this is the case. 
The laser sample will then be in the correct position and correctly orientated. 
The collection lens can then be put in place at approximately the correct distance from 
the sample. The alignment beam needs to pass through the centre of the lens, and again 
the reflection of the laser beam can be used to check the lens orientation. The lens can 
then be adjusted so that the alignment beam falls onto, and is focused onto, the facet of 
the laser. This will be approximately the correct position, but the lens will need to be 
fine tuned when the measurement system is operating. This is due to the refractive index 
being different for each wavelength. The focal point will be displaced slightly, and the 
lens will need to be adjusted in order to achieve maximum signal. The Glan Thompson 
prism is then put in place. The beam should again pass through the centre of the prism 
and the alignment can be checked using the reflected laser beam. Finally the focusing 
lens can be placed in position at the correct distance from the entrance slit and its 
orientation and position checked. 
The HeNe laser can then be switched off and the targets and pinholes removed from the 
spectrometer. The detector is then replaced and measurements started. The signal can be 
further optimised by adjustment of the collection lens, both about the optical axis, and 
also the focus. These adjustments should be very small, although essential, as the signal 
throughput can change significantly. The sample laser and the focusing lens and 
polariod should not be moved. 
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If this procedure is followed the results obtained should be accurate, conform to the 
specification of the spectrometer and be reproducible. The reproducibility of the optical 
alignment is important, and this method ensures the accurate repositioning of the 
components every time. 
3.6 Summary 
In this chapter we have outlined all the equipment needed to carry out the measurements 
that will be described in later chapters. The configuration of the equipment as well as its 
use was also described. The chapter outlined the reasons behind the choices involved in 
selecting key elements of the optical set up such as lenses and polaroids. The validity of 
these choices was then demonstrated and their suitability for the measurements for 
which this system is designed was also shown. 
The chapter then outlined procedures that can be used to ensure that the system works as 
expected, in an accurate and reproducible manner. The following chapters outline the 
methods required to process the spectral measurements that can now be made, the 
results that were produced, and there interpretation. 
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4. Experimental Method. 
4.1 Introduction 
Experimental Method 
The optical gain is perhaps the most fundamental property of a semiconductor laser. 
Both the gain, and the differential gain, are crucial parameters in controlling the 
performance of a laser. In an ideal laser, the operating conditions are determined by the 
gain needed, which would be set by a fixed drive current. Unfortunately both the gain 
and the drive current consumption can be affected by various factors that can alter the 
laser's performance. Even in an ideal laser the gain and drive current will vary with 
temperature, and factors such as inbuilt strain and any carrier or temperature dependent 
loss mechanisms can also have an effect. In order to understand more fully by what 
mechanisms the laser performance is degraded, it is useful to be able to directly measure 
the gain in a laser. This chapter first gives a brief overview of the methods available to 
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achieve this, before giving a more detailed account of the method actually used to carry 
out the gain measurements presented in chapter 6. 
There are three commonly used methods for measuring the gain experimentally. These 
are the Hakki-Paoli method[28][29], The Henry[30] method and the variable stripe 
optical excitation method [31][32]. This chapter starts in section 4.1.1 by outlining the 
principles behind these methods, while evaluating their suitability for measuring gain- 
current characteristics in semiconductor lasers. The Hakki-Paoli method is shown to be 
the most suitable method and section 4.2 goes on to describe this technique in greater 
detail. 
In section 4.3 the most significant problems presented by the Hakki-Paoli technique are 
outlined. The main problem to address is the effect of the instrument response function 
on the measurement. In section 4.4 several methods of eliminating or compensating for 
the instrument response are discussed. In each case the method and its implementation 
are described and reasons for and against its use are given. The section finishes by 
concluding that, of the methods presented, the Cassidy[29] method is the most suitable 
for eliminating the effect of the instrument response. 
Although section 4.4.3 shows that the Cassidy method provides the best solution for 
eliminating the instrument response, section 4.4.4 goes on to show that great care must 
always be taken to ensure correct results. This section shows that the only method that 
can be used to ensure that correct results are obtained is to optimise the measurement 
system so that the instrument response is not significant. This ensures that any 
correction using the Cassidy, or any other method, is small and therefore not significant 
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in most cases. Although the correction can, and is used, the most significant measures to 
ensure correct results must be directed towards optimisation of the measurement system. 
The methods and equipment used to do this were outlined in chapter 3. 
4.1.1 Overview of The Methods Used for Gain 
Measurement 
We review here the three main methods used to measure gain experimentally, namely 
the Henry method, the optical excitation method and the Hakki-Paoli method. 
4.1.1.1 The Henry Method 
The method proposed by Henry allows the relative variation of the gain as a function of 
wavelength and drive current to be derived from measurements of the active region 
spontaneous emission spectrum. The method involves using a detailed balance argument 
to derive the gain from the Fermi level separation and the ratio of the intensities of the 
spontaneous emission. The method derives the Fermi separation from the lasing energy 
and the shape of the spontaneous emission spectrum. At each value of the Fermi level 
separation the ratio of the gain compared to the threshold gain is measured. These values 
can be converted to absolute values by calculating the absolute gain at threshold. The 
main advantage of this approach is that it allows measurements of the gain for very low 
carrier densities. The problems with this method include the fact that it does not give a 
direct measurement of the gain, but relative values of a calculated parameter. In addition 
the Henry method requires the measurement of the quasi Fermi level. This is the 
parameter that the gain is dependent upon. In order to use the carrier or current density, 
the relationship between Fermi level separation and carrier or current density must be 
62 
Chapter 4 Experimental Method 
established. This is not a straight forward relationship to ascertain. The measurement of 
the spontaneous emission can also be problematic. Although this can be measured using 
side emission from a buried heterostructure laser, other devices require the etching of a 
window. This window can be in the bottom contact for non-absorbing substrates, but for 
absorbing substrates the window must be in the top contact of the laser chip. This can be 
difficult to achieve. 
4.1.1.2 The Optical Excitation Method 
The optical excitation method is based on the stripe excitation technique[32] and has 
been widely used 1311. The method is based on the measurement of the amplified 
spontaneous emission (ASE) observed when the active region is pumped optically. The 
gain is deduced by varying the length of the region, or stripe, that is illuminated. By 
measuring the increase in the ASE with the increase in the illuminated length, the gain 
can be deduced. The main reason that this technique has not been used in these 
measurements, apart from its lack of availability at Surrey, is that it is difficult to link 
the gain to the carrier density, and even more difficult to link the gain to current directly. 
The carrier density is determined by assuming a specific model for the relationship 
between the optical excitation power and the carrier density in the active region. This 
makes the resulting carrier dependence reliant on the parameters used within the model. 
The problem is even more pronounced when deducing the equivalent current. It would 
be preferable to use a technique where the current dependence has a more direct link to 
the measurement. 
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4.1.1.3 The Hakki-Paoli method 
The final method we consider is the Hakki-Paoli method. This method was first used in 
1975, and is based on the measurement of the amplitude modulation in the amplified 
spontaneous emission spectrum. This modulation is caused by the Fabry-Perot 
resonances that occur within the optical cavity, and the size of the modulation is directly 
related to the gain. The theory behind these resonances is well understood and an 
analytical expression is available to describe them. If the basic parameters of cavity 
length and facet reflectivity are known, then it is straight forward to calculate the gain 
from the ratio of the peak intensity to the trough intensity. Spectroscopic measurements 
of the amplified spontaneous emission will yield these ratios, and hence the gain. 
There are two main advantages to this method. The first is that it allows direct 
measurements of the gain on any working device based on a Fabry-Perot structure. (The 
devices must also be index guided. This is because any gain guided device will by 
definition have no absolute gain value, but a spread of gain values within the active 
region. This makes measurement of the gain unreliable. ) The second advantage is that 
the intensity does not need to be measured as an absolute value. This is because any 
modifying factor introduced by the measurement is eliminated by taking the ratio of the 
values. 
There are also several disadvantages that need to be evaluated. The first of these is that 
this method is only valid in the below threshold regime, as the theory breaks down when 
the threshold conditions are met. The second, and more important disadvantage is that 
there can be a significant difference between the spectrum emitted by the laser, and what 
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is measured. This difference is due to the fact that any instrument has an associated 
response function that can modify the shape of the emitted spectrum. In cases where this 
alteration is significant the values of the gain will be inaccurate. The most important of 
these effects is the spectral broadening introduced by any spectrometer that is used. 
There are several methods which can be used to compensate for the effect of spectral 
broadening. The main methods are deconvolution, the Cassidy method [29], and 
theoretical prediction. 
A further disadvantage is that any signal that is measured and which has not undergone 
amplification in the wave guide will provide a constant background noise level. Any 
background present will alter the value of the ratio that is observed and, if significant, 
will have a large effect on the value of the gain measurement. This problem is addressed 
in section 4.3.1, where it is shown that unamplified light is not a problem in the lasers 
studied. 
The following sections outline the Hakki-Paoli method in more detail. In section 4.2 the 
theory behind the method is reviewed. In section 4.3.2 the effect of the instrument 
response is detailed and it is explained how the various compensating methods that can 
be implemented. It is shown that the Cassidy method is the best method available to 
correct for the instrument response, despite the limitations discussed in section 4.4.4. 
We conclude for several reasons that the most important consideration is to optimise the 
measurement system. 
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4.2 The Hakki-Paoli Principle 
The Hakki-Paoli method is based upon the wavelength dependence of light transmission 
through a Fabry-Perot etalon. Although the output signal is derived from amplified 
spontaneous emission, generated throughout the cavity, it can be approximated as if the 
signal were incident on one facet, then amplified and transmitted through the other facet. 
The transmission is given by[33]: - 
T(X) - 
S(?, )(1- R)2exp(GL) 
/ 11 
(4.1) 
((1_Rexp(GL))2 + 4Rexp(GL) sin2l 
2n°eR ýII 
\ý 
where T(k) is the transmission power, and S(X) the spontaneous power at wavelength k, 
R is the power reflectivity, G is the modal gain, L is the cavity length and riff is the 
effective refractive index. 
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Figure 4.1 A schematic of the Fabry-Perot Transmission as a function of 
wavelength. 
In figure 4.1 the transmission given by equation 4.1 is plotted for a range of 
wavelengths, assuming constant values of S(k) and G, with G set to =75% of threshold. 
It can be seen that the intensity of transmission is modulated. From equation 4.1 it can 
be seen that a peak will occur whenever twice the cavity length (2L) is an exact multiple 
of the wavelength divided by the refractive index Qdneff). It can also be seen that a 
trough will occur when 2L is exactly an odd half wavelength multiple. The ratio of the 
peak value to the trough value remains relatively small for most G values of interest. As 
the gain approaches total absorption (G-9 -oo) then the ratio approaches 1. The ratio 
remains small (=1-3) for most of the gain range (up to =80% of the threshold gain. ). The 
ratio only increases dramatically as the gain approaches threshold, where the value of 
67 
Chapter 4 Experimental Method 
the ratio quickly approaches infinity. This cannot occur in a real laser due to saturation 
effects, which is why the model is only valid in the below threshold regime. 
It is assumed in the analysis that the spontaneous emission and the gain are constant 
over one period of the modulation. This is a reasonable assumption as the spacing of the 
peaks in a practical device, with a length of order =500µm, will be =0.5nm. This can be 
compared to the approximate full width half maximum (FWHM) of the gain spectra of 
=50nm, or the FWHM of the spontaneous emission of =100nm. From eq. (4.1) The ratio 
of the peaks to the troughs will be given by: - 
_ 
Tmax 
= 
(1 + Rexp(GL))2 
Tmin (1- Rexp(GL))2 
where p is the ratio of the peak power intensity to the trough power intensity. 
(4.2) 
It should be noted that the dependency on the effective refractive index has been 
removed. Equation (4.2) can be rearranged to give the gain in terms of the ratio, p, as: - 
G= 
'(In( 
-ln(R) (4.3) L Fp +1 
This equation then forms the basis for the Hakki-Paoli technique. The values of the peak 
and trough intensity can be obtained from a spectral measurement of the amplified 
spontaneous emission. R has a value of =0.33. The value of L can be measured 
accurately using a microscope. Although the value of R is needed to establish absolute 
values of the gain, any error in this parameter can be ignored when studying changes in 
gain, as long as it does not change significantly over the current range used. As R is 
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related to the refractive index, and changes in the refractive index are small, this is a 
reasonable assumption. 
4.3 Problems with the Hakki-Paoli 
Technique 
There are several problems associated with this type of measurement. These will be 
broken down and analysed in the following sections. 
4.3.1 Non-Amplified Light 
It has been suggested [34] that photons traveling within the wave guide may be scattered 
into the confining layers of the laser structure. In InP-based systems the bandgap of the 
substrate and the confining layers is larger than for the active region. This results in the 
substrate and confining layers being transparent to the scattered photons. These photons 
could then travel within the laser, but without undergoing any gain or absorption. Some 
of these photons could then be collected by the imaging optics and enter the 
spectrometer. Those photons that have not undergone amplification within the Fabry- 
Perot cavity waveguide could then appear as a constant background, onto which the 
Fabry-Perot signal would be superimposed. Such a constant background would reduce 
the ratio of the peaks to the troughs and hence the measured gain. 
It can be expected that the spatial distribution of the scattered light should be different 
from the amplified light. This is because the scattered light would effectively be 
constant around the laser, while the amplified light has a gaussian distribution about the 
waveguide. The proportion of scattered light to amplified light would then depend on 
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the solid angle from which the light was collected. The greater the solid angle, the 
greater would be the proportion of scattered light collected and, therefore, the smaller 
would be the peak to trough ratio observed. 
To investigate this effect a variable aperture was set up in front of the collection lens 
and the ratio measured for a range of values of the aperture. An example of this can be 
seen in fig(4.2). It can be seen that no appreciable change in the ratio was observed. It 
was therefore concluded that the degree of scattered light was not significant. 
2.0 
ö 
c 1.5j 
L 
CD 
C, 1.0 
I- 
O 
H 
Y 
ý 0.5 
CL 
0.0 
0 
... ..... . --. .... +.. --. .......................... +. -........... 
II ----I 
12345 
Apeture Diameter (cm) 
6 
Figure 4.2 Diagram showing the reduction in the peak to trough ratio with 
aperture diameter. The aperture is 5cm from the laser. 
This is probably due to the design of these lasers. It has been observed when etching 
windows through the n-type contact of similar lasers that the bottom contact absorbs 
strongly at the wavelengths emitted by the active region [35]. It is therefore expected 
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that the n-type contact absorbs a large proportion of any scattered light, reducing its 
effect on the facet emission. 
4.3.2 Instrument Response 
A major problem with the practical application of the Hakki-Paoli method is that it 
relies on establishing the true wavelength dependence of the light emitted from the laser 
facets. This can be difficult to achieve. This is because any instrument used to measure 
the laser spectrum emitted has a response function associated with it. This response 
function will alter the measured spectrum, potentially changing the peak to trough ratios 
In a spectrometer the response function above an initial limit is governed by the entrance 
and exit slit widths. This initial limit is set by the resolving power of the spectrometer. 
The resolving power of the spectrometer is dependent on the total number of lines on the 
grating that are illuminated. If the resolving power of the grating becomes very large, 
then the variation in the response function becomes insignificant compared to the effect 
of the entrance and exit slits. For the spectrometer used, the limit of resolution when all 
the lines on the grating are illuminated is over two orders of magnitude greater than the 
resolution effects of the entrance and exit slits. Therefore the response function depends 
only on the groove density, so long as the grating is well illuminated. The wavelength 
range that is passed by the entrance slit can be represented by a rectangular function of 
height unity and width Ak,, t. The wavelengths passed by the exit slit can be represented 
by another rectangular function, again of height unity, but of width A&Xjt. The best 
resolution for a given detected power level occurs when AXe t=AXX; t=AX. 
The value of AX is dependent on the physical width of the slit, Ls111, and the properties of 
the spectrometer. The value of AX, assuming S. I. units, is given by: - 
Al = Amp x Li1ie (4.4) 
where the linear dispersion (ADisp) is given by [26]: - 
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ýos(R) A Dis" __ knL (4.5) F 
where k is the order of the grating, n is the number of grooves per metre on the grating, 
LF is the focal length of the spectrometer in metres and ß is the angle of diffraction. 
The value of ß in equation (4.5) is determined by the grating equation (Hecht [26]- 
equation 10.61), the measurement wavelength in metres (Am), and the spectrometer 
properties, such that : -. 
I . _, I knX ý =sin 
I 
+ 
Dioc 
2 
(4.6) 
where Dinc is defined as the included angle between the incident beam and the 
diffracted beam at the grating. 
Calibration measurements confirmed that the spectrometer was within specified 
resolution of 0.06A at a slit width of 8µm. 
The value of D;,,, is dependent on the geometry of the spectrometer. It can be calculated 
from first principles based upon the position of the mirrors, although it is usually 
provided with the spectrometer. 
The final response function is then given by the convolution of the entrance and exit slit 
functions. The response function for equal slit widths is simply a triangle with a height 
equal to half its width. The effect of the instrument response on any signal can then be 
calculated as simply the convolution of the response g(X) with the signal f(X), or :- 
f (%1)g(Ä - %, ' )d%, ' (4.7) 
where f'(; L) is the measured signal. 
The actual value of the function g(A) can be measured if a truly monochromatic light 
source is available. Such a source was not available in the neighborhood of 1.5µm. 
Although DFB lasers are available for this wavelength range, and have only a single 
m 
2 CosDisc 
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mode, they still have linewidths that are comparable to those of Fabry-Perot lasers. The 
DFB also has a spontaneous emission background that could distort the response 
function measured. A DFB is not, therefore, sufficiently monochromatic to accurately 
measure the response function. It is however possible, using a HeNe laser, to measure 
the response function at 633nm. This has been done, and although it is obvious that the 
shape is based on a triangle of the correct dimensions, it can also be observed that the 
edges of the response function are not exactly as theory predicts. The effects of such 
small difference are discussed in later sections. 
4.4 Eliminating The Instrument Response 
4.4.1 Deconvolution 
The effect of the response function of the spectrometer is to broaden the measured 
signal. The broadening occurs because of the convolution of the signal with the 
instrument response. The most obvious way to extract the original signal would 
therefore be to perform a deconvolution. In principle, it is a simple mathematical 
process to perform such a deconvolution. This can be done by dividing the Fourier 
transform of the measured signal by the Fourier transform of the response function. 
The main problem that occurs is that the response function used in the deconvolution is 
not exactly identical to the response function of the instrument. Figure 4.3 shows an 
example of the transform of the response function for a spectrometer. It can be seen that 
the function has zero values at periodic points. Any slight changes in the response 
function can be sufficient to move the points at which these zero values occur. This is 
also shown by plotting the measured response using the settings in the theoretical case. 
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Figure 4.4 is an example of the Fourier transform of the measured signal from a laser. It 
can be seen that the transform has the characteristic zero points that are introduced by 
the instrument response. When the deconvolution is carried out the zero values of the 
response function should occur at the same points as those in the measured signal. As 
the values approach zero at the same point then the result is not unrealistic. 
Unfortunately, if this match is not perfect then division by zero will occur leading to 
spurious values in the resulting spectrum. Although the errors are not significantly 
prominent at a glance, they can have profound effects and produce significant variations 
in the final calculated gain. It is very difficult to obtain the exact response function for 
an instrument, especially as it can change if the instrument is adjusted slightly. It must 
therefore be concluded that this method cannot be relied upon to give accurate results. 
30 y ý 
25 
41 - Expected transform 
-- Actual Transform 
20 H -d J 
0 50 100 150 200 250 300 350 400 450 500 
Transform Component No. 
Figure 4.3 The transform of the actual instrument response function compared 
to the transform of the calculated instrument response function. Although the 
measured and calculated response functions are very similar, it can be seen 
how the minor differences that are present can result in significant differences 
in the transforms. 
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Figure 4.4 This figure shows the transform of an experimental spectrum and 
the transform of the calculated response function. It can be clearly seen that 
the zeros of the two curves are not aligned with each other, so that division of 
the two data sets will result in unreliable results where the value of the 
denominator approaches zero. 
4.4.2 Theoretical Prediction 
As an alternative to the deconvolution technique, it is possible to reverse the process and 
create a theoretical approximation of the Fabry-Perot modes expected from the laser. 
These modes can then be broadened using an estimation of the response function and 
the peak to trough ratio examined and compared to the experimental results. The gain 
parameter in the theoretical models can then be varied until a match is found. With a 
reasonable approximation to the response function then a good estimate of the gain can 
be made. This technique is more robust than performing a deconvolution. It was shown 
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that small errors in the response function are exaggerated by the non-cancellation of the 
zero values, whereas here the zero values in the response function simply eliminate the 
wrong frequency components. Although this will result in a slightly different spectral 
shape in the final analysis, it should not significantly alter the result. A good 
approximation to the gain within the laser should be expected. The problem with this 
technique is that it still depends upon how accurately all the required parameters are 
known. These include the values for the reflectivity and refractive index in this case. 
4.4.3 Cassidy Method 
The Cassidy method is a technique based upon the work of D. T. Cassidy [29]. The 
technique uses the fact that the response function increases the area under the measured 
spectrum at a rate proportional to the increase in the trough value. Therefore the ratio of 
the area, or sum, of the signal to the minimum value is less sensitive to the response 
function than the ratio of the peak value to the minimum value. 
The area used is not the total area, but the area under one complete mode, centred on the 
peak value to be used. It will be shown later that the peak is used, as the error is linked 
to the overlap of the response function into the next mode. As the value of the next 
mode will be at its smallest when the response in centered on the peak, this will also 
give the smallest error. This method is also called the mode sum/minimum method. The 
principle is straightforward. Let f(O) be the spectral function describing one mode, 
where 0 has values ranging from 0 to it, indicating the beginning and end of a mode. 
The area, A, under the mode is then given by: - 
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e=x 
A= jf(e)ae (4.8) 8-0 
If the mode is now convolved with the response function of the instrument, then the area 
will become A. This can be calculated as: - 
O -Z 0 -O+w 
A' =f dO 
f do' f (o')g(o'-o) (4.9) 
0-0 0'-8-W 
where g(O) is the triangular response function and w is the FWHM of the response 
function. 
If we assume that the spectral function, f(9), is symmetric about each mode minimum ( 
i. e. f(O) = f(-9) and f(n-9) = f(it+9)) and also that the response function is symmetric (i. e. 
g(O) = g(-9)) then it can be shown that equation 4.9 can be rewritten as 
e'-x 0-0 +w 
A'= f do' f dOf (0')9(0'-0) 
e'=o a=e'-w 
If we substitute for 0 and 0' and rearrange so that 
-0,, = 0'-e 
then as 9' is constant under the second integral we find 
d8"= d8 
Equation (4.10) can now be written as :- 
e'=x e^=w 
A'= jd6'f(A') f d9"g(A") 
W=o e"=-w 
(4.10) 
(4.11) 
(4.12) 
(4.13) 
The second term is obviously the area under the response function. We can therefore 
write the area of the convolved function as :- 
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A'= AxA "`P°°'° (4.14) 
We now consider separately how the value of the minimum varies: - 
e'=9r, +w 
f'(9 )= jde' f(O')g(e'-O , o) (4.15) e'se.,. -w 
where f '(0) is the broadened spectrum. 
If f(O) is assumed to be constant over the range of the response function, then this 
reduces to: - 
e=W 
f'(e. jo )= f(e®,. )" Jd0g(e) 6=-w 
or, more simply :- 
(4.16) 
f'(e®; 
s) = f(em, o) x A`°'°°" (4.17) 
It can be seen that to a first approximation, the value of the ratio of the mode sum to the 
minimum value is constant, i. e.: - 
Ax A' A 
V(es;. ) f(e®,. ) x A"x f(e. ". 
) 
(4.18) 
The actual value of the ratio will decrease with increasing w because, as w is increased, 
the error introduced by the fact that f(O) is not constant is increased. Also, the degree of 
validity in the approximations relating to the symmetry the spectral function will 
decrease as w increases. This will also introduce further error The effect of this can be 
calculated, and compared with the decrease in the ratio of the maximum to the minimum 
measured from the broadened spectra. It can be seen from Figure 4.5 that the ratio of the 
mode sum to the minimum is much less sensitive to the response function 
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than the ratio of the maximum to the minimum. This method is the most reliable and 
response function insensitive of those described. 
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Figure 4.5 Diagram showing the reduction in the calculated gain against 
increasing slit width using the peak to trough ratio and the Cassidy method. 
4.4.4 The Problem with Increasing the Response 
Function 
There are two main reasons why the use of a method to compensate for the instrument 
response might be considered: firstly to increase the signal to noise ratio with respect to 
the detector noise, and secondly, if the instrument used is not capable of high enough 
resolution to ensure the difference between the measured and true ratio is insignificant. 
Unfortunately, if the instrument cannot resolve the spectrum sufficiently to make 
broadening insignificant, then there is a danger that false readings could occur. Although 
scattered light from the substrate was eliminated as a problem in these lasers, other 
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problems can arise for a laser that is not properly aligned, including spurious features 
superimposed on those predicted by the Fabry-Perot equation. It is possible that 
misalignment could cause scattered amplified light to be detected due to stray light 
passing through the spectrometer. It is also possible that the light could reflect from 
features close to the laser, forming a second image at the detector. It has also been 
observed that reflections can form an external cavity, causing new modulations of the 
laser signal due to beating effects. All these things need to be checked before any ratio 
can be used. The only way to ensure that no unusual signal is being measured in the 
troughs is to increase the resolution to a degree that the true shape of the amplified 
spontaneous emission can be seen. 
Another cause of extra signal in the troughs that can occur and will only be observed 
with good resolution is the effect of light polarised perpendicular to the direction of 
interest. Although a polaroid is used to eliminate the unwanted polarisation of the laser, 
the extinction ratio is at best 10-4. Unfortunately, the modes for the TE gain spectrum do 
not coincide with the modes of the TM gain spectrum. This could create a situation 
where the peak from one polarisation coincides with the trough of another. Although the 
polaroid would reduce the intensity of the unwanted peak by up to 10000, it is possible, 
if the gain is sufficiently large, that this will only reduce the signal to a level comparable 
to the trough value for the polarisation of interest. The factor of 10000 is a best case, as 
misalignment of the polaroid can reduce this value. The only way to ensure that such 
polarisation crosstalk is not occurring is to examine the troughs of the spectra with good 
resolution, at high gain to ensure there is no excess signal. 
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An example of stray reflections causing unwanted signal is shown in figure 4.6 and an 
example of polarisation crosstalk is shown in figure 4.7. 
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Figure 4.6 An example of peaks in the troughs caused by stray reflections. 
The extra peak is constantly shifted in wavelength. This indicates that it is the 
same peak occurring twice. 
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Figure 4.7 An example of polarisation crosstalk. It can be seen that the 
spurious peak has a slightly different mode spacing. This is because the 
different polarisations experience different net refractive indices. 
4.5 Summary and Conclusion 
This chapter outlined the most common methods used for the measurement of gain in 
semiconductor lasers. Of the methods available, the Henry method is discounted 
because of its indirect nature and the restriction that in general only lasers with windows 
can be utilised. (Although the spontaneous emission can be measured from the side 
emission of buried heterostructure lasers, this still restricts the devices that can be used. ) 
The optical excitation method is not used both because of it unavailability and also 
because of the indirect connection between the gain and the current or carrier density. 
The remaining technique, the Hakki-Paoli method, is a direct method utilising the 
Fabry-Perot modes in the amplified spontaneous emission. This method is found to be 
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the most suitable, although care must be taken to ensure that several problems are 
eliminated. The best technique for dealing with the problems inherent to the 
measurement is found to be the Cassidy method, although it is stressed that care must be 
taken in its implementation. It is shown that the best way to have confidence in the 
results is to ensure that the system resolution is sufficient that the peak to trough ratio is 
not significantly affected by spectral broadening. 
83 
Chapter 5 
Chapter 5 
5. PhotoVoltage 
5.1 Introduction 
PhotoVoltage 
An important parameter that has been introduced in the design of modem semiconductor 
lasers is the degree of strain incorporated in the laser active region. The introduction of 
strain has been shown to give extensive improvements in many of the parameters that 
determine laser performance. These improvements have been widely demonstrated both 
theoretically[ 10] and experimentally [11][36]. In order to produce accurate theoretical 
modals that can predict the effects of strain, the parameters used to describe the effect of 
strain on the laser material must be known. 
One of the most significant effects produced by the introduction of strain is the 
modification of the material band structure. The improvements in laser performance 
arise principally because strain alters the valence bands to give properties that are more 
suited to laser operation. The most important effect is the splitting of the light hole (LH) 
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and heavy hole (HH) states at the valence band maximum. In unstrained bulk material 
the HH and LH bands are degenerate at the zone centre. This leads to a high density of 
states, and consequently a high injection carrier density is required in order to achieve 
population inversion and lasing operation. 
It was proposed by Adams[7] and Kane [8] that the degeneracy of the LH and HH bands 
could be removed by the introduction of strain to the laser material. The effect of the 
strain is to shift the energy of the bands at the zone centre. This splitting is illustrated 
schematically in figure (5.1). 
Energy. 
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Figure 5.1 A schematic diagram of the splitting of the heavy hole and light 
hole bands due to the introduction of strain. 
As the LH and HH bands are no longer degenerate, the density of states is reduced, thus 
reducing the transparency and the threshold carrier density required for lasing operation. 
In order to model the effect of strain on the laser characteristics, the relationship 
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between the degree of strain and the magnitude of energy splitting must be known. The 
accuracy of this relationship directly affects the calculation of parameters such as the 
gain and differential gain as a function of carrier density, and also the current - carrier 
density relationship. All of these parameters are of interest in later work that studies the 
causes of the poor temperature characteristics of long wavelength (1.54m) lasers. It is 
therefore essential to ensure that the relationship between the strain and the band 
splitting is known as accurately as possible. 
A systematic series of tensile-strained laser samples had been grown by BNR (Harlow), 
with tensile strains nominally in the range 0% to -1.5%. These lasers were being widely 
studied within the group. In order to ensure the parameters used in the models to 
describe the valence band splitting were correct, it was decided to measure the splitting 
directly using a modification of the optical spectrometer setup described in chapter 3. 
Several measurement techniques were, in principle, available. These included 
photoluminescence, optical absorption and photovoltage. We will firstly give a brief 
overview of the photoluminescence and optical absorption techniques before outlining 
why we have decided to carry out the measurements using the photovoltage technique. 
Photoluminescence works by illuminating the sample with high energy photons. These 
photons promote carriers into the conduction band, where they then scatter, losing 
energy until they reach the lowest available energy levels. The carriers then recombine 
to emit a photon, which can be measured and used to deduce the value of the bandgap. 
The problem with this technique occurs because the scattering of the carriers is very fast 
compared to the recombination lifetime. This ensures that the lowest energy levels are 
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predominantly occupied. This means that as the bands split and one band increases in 
energy, the number of carriers that recombine from that level decreases. This makes the 
measurement significantly more difficult to accomplish as the strain increases. 
The method of optical absorption works by illuminating the sample with broad band 
light and measuring the absorption profile. The band splitting can then be deduced from 
the absorption profile. The problem with this technique for quantum well laser 
structures is that the transmitted light tends to swamp the absorption signal. This means 
that the absorption is observed as small deviations on a large background signal. 
The rest of this chapter presents the method developed for measuring the strain-induced 
splitting of the valence band in semiconductor lasers, and shows how it was used to 
measure the relationship between the strain and band splitting in 1.54m tensile laser 
devices. The technique is based upon the measurement of the spectral dependence of the 
photovoltage(PV) generated by optical illumination. The technique has several 
advantages. It is non-destructive and can be used to carry out measurements on a laser 
in-situ using actual laser devices. This allows spectral and threshold measurements to be 
made on the laser at the same time. The method also allows measurements to be made 
over a wide energy range and the measured signal is only weakly dependent on the 
degree of splitting. The technique also allows the use of polarised light to directly 
interrogate the nature of each subband to discover whether it has LH or HH 
characteristics. This can be very useful when the separation of the bands is small, as 
it 
allows the determination of the correct sign of the splitting, and also helps to separate 
the signal peaks when they have similar energy. This can be done because the separate 
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peaks have different intensities under the different polarisations. Therefore the position 
of the first peak is found while illuminating with one polarisation and then the second 
peak is found using the other polarisation. 
The results presented later in this chapter were obtained from a set of BNR tensile ridge 
devices with tensile strains nominally increasing in -0.25% steps from 0% to -1.5%. 
These results are compared with results obtained from PL measurements carried out on 
the laser substrate before fabrication, and are found to give good agreement, although 
the PL measurements generally give a smaller measured splitting than the PV 
measurements. The splitting values are then compared to the splitting values predicted 
from theory. An important parameter in calculating the energy splitting is the 
interpolated axial deformation potential, b. This is calculated by interpolating the value 
for a particular alloy composition using the value of b for the component pure binary 
compounds. The values of b for the binary compounds are taken from work by Krijn[36], 
who also gives an interpolation method to calculate alloy values. We show that this 
interpolation technique gives values of b that agree well with the values calculated from 
the experiment, and that these values will fit well into the theoretical models used within 
the group. 
The PV technique has also been adapted for use in experiments where external uniaxial 
stress is applied to the laser in order to modify the strain within the laser active region. 
Because the technique can be used on active devices while in situ, photovoltage can then 
be used to directly ascertain the effect of the applied stress on the bandstructure. 
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The following sections outline how the equipment was set up to carry out these 
measurements, how the measurements were carried out, the interpretation of the results 
and the effect of the incident light polarisation. Finally the measured values of the 
splitting are shown, along with the corresponding photoluminescence values and the 
theoretical fit. 
5.2 Experimental Setup 
The experimental setup is based on the equipment outlined in chapter 3. The modified 
setup is shown schematically in Figure 5.2. The detector is replaced by a powerful broad 
band source. (e. g. a 150W quartz halogen lamp. ) The light from the source is matched to 
the input of the spectrometer using standard 5cm diameter lenses. The spectrometer then 
produces a monochromatic beam that is collimated and then focused onto the sample. 
The spectrometer is used with a low resolution setting, allowing a large throughput. This 
is because the features being investigated are very broad, of the order of l Onm or so. 
The low resolution bandwidth of the spectrometer is of the order of 0.5nm and is 
therefore still much narrower than the features being measured. A chopper is used to 
allow the use of the lock-in amplifier to reduce background noise. 
89 
Chapter 5 
Monitor 
0o 
486 PC o0 
Lock-in Amplifier. 
El Q 0 0 
0 
0 OO 0 
Sample Clip. 
Photo Voltage 
Drive Controller. 
00 00 D 00 
Spectrometer. 
Broad Band 
Radiation Source. 
Figure 5.2 Schematic of the equipment needed for the photovoltage 
measurements. 
It was found that best results could be obtained by placing the side of the laser towards 
the input beam. This was partly due to increasing the amount of illumination falling on 
the relevant part of the material because the cross section of the active region is much 
larger in this type of device from the side than from the facet. Also, the side of the laser 
is sawn, not cleaved and this presents a roughened surface that should have a higher 
transmission than the highly reflecting cleaved facet of the laser. A possible drawback 
from using the roughened surface is an increase in the polarisation crosstalk due to 
scattering at the interface. It was found however that the increase in signal far 
outweighed any loss in polarisation discrimination. This was concluded after measuring 
the polarisation response from the side and from the facet. The main difference between 
the two orientations was the magnitude of the measured signal, with very little 
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difference in the observed polarisation dependence. The photogenerated voltage was 
measured directly across the sample and the spectrometer used to scan through a range 
of wavelengths. In this manner the photovoltage profile of each sample was measured. 
5.3 Sample Details 
The samples used in these experiments consisted of a series of lasers grown by BNR 
(Harlow) that included an incremented tensile strain of nominally -0.25% per device. 
The devices are 4 quantum well quaternary ridge devices of =4004m length, grown on 
InP using MOCVD. A schematic of the layer structure is shown in figure 5.3. 
InP 100nm 
InGaAsP Guide 150nm 
InGaAsP Barrier l4nm 
p-type 
4x InGaAs Wells 9.8nm Active Region. 
3x InGaAsP Barriers 14nm (Undoped) 
InGaAsP Barrier 14nm 
InGaAsPGuide 100nm 
InP Buffer + InP Subtrate n-type 
Figure 5.3 Layer structure for the tensile-strained series. 
91 
Chapter 5 PhotoVoltage 
All the lasers in the series were grown with the same nominal structure. The barrier 
compositions were grown lattice matched to the substrate with constant composition, 
while the Ga/In ratio of the well material was varied in order to achieve the desired 
strain. 
The strains in these devices have been measured more accurately at BNR using x-ray 
techniques[37]. The actual strains are generally close to the expected values, with the 
deviation increasing at higher strains, as shown in Table 5.4. 
Sample 
Number 
Nominal 
Strain (%) 
Measured 
Strain (%) 
E874 -0.0 -0.0 
E866 -0.25 -0.28 
E868 -0.5 -0.52 
E869 -0.75 -0.79 
E870 -1.0 -0.97 
E876 -1.25 -1.12 
E878 -1.5 -1.29 
Figure 5.4 Table showing the nominal and measured strain values for each 
sample. 
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5.3.1 Polarisation 
As has been mentioned earlier, it is possible to use the polarisation properties of the 
bandstructure to obtain more information from the measurements. If a polaroid is placed 
between the sample and the last lens (this is done to avoid polarisation scattering due to 
the effects of the lenses or instruments) the polarisation of the input light can be 
controlled. This has the effect of linking the magnitude of the absorption to the inherent 
polarisation properties of the laser. 
In the laser the absorption is determined by exciting electrons from the light hole (LH), 
heavy hole (HH) and spin split off bands into empty states in the conduction band. In 
these lasers the direct contribution from the split off band is over 300 meV above the 
absorption edge and can be ignored. The states at the valence band maximum are made 
up of bonding states formed from p-orbitals, which can have a mixture of x-, y-, and z- 
like character. We choose a coordinate system where the layers are grown along the t- 
axis or direction. This means that a TM polarised photon would couple well into 
electrons in z- like states, while TE photons will couple well to electrons in x- and y- 
like states. As the HH at the zone centre is mainly made up from x and y states, then the 
HH preferentially absorbs TE polarised light. The LH consists mainly of z states and 
therefore absorbs TM light more strongly. 
The character of a particular absorption feature can then be observed by illumination by 
each polarisation. If the peak has a stronger signal with TE than TM it can be concluded 
that it exhibits mainly HH behaviour. Conversely, if the TM polarisation gives the 
highest peak then the feature is displaying LH characteristics. 
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This effect is of most use when two features become merged under illumination by an 
unpolarised source. By illuminating the sample in turn with both TE and TM polarised 
light, it is possible to resolve and identify the individual features associated with the HH 
and LH bands respectively. The position of the peak absorption can then be determined 
for each band. An example of this is shown in figure 5.5. In this example for E866 (- 
0.25% strain), unpolarised light gives one peak. If polarised light is used, it can be 
observed that this is in fact the sum of two distinct peaks, associated with the HH and 
LH subbands, which can now be easily distinguished. 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
LI IIIIII I I 
T --i I 
Photovoltage response under Unpolarised Illumination. 
1460 1480 1500 1520 
Wavelength (nm) 
r-r-I 
1540 
Figure 5.5 Comparison of unpolarised and polarised photovoltage spectra for 
sample E866 (0.25% tensile strain). 
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5.3.2 Water Absorption 
Unfortunately many of the samples investigated have LH and HH bands that absorb in 
the range 1.35µm to 1.4µm. This spectral region also contains a strong water absorption 
band. This means that the intensity of the light falling on the sample in this region will 
be modulated by a characteristic water absorption profile. In order to observe any 
genuine spectral features the effect of this water absorption must be compensated for. To 
do this the water absorption must be measured. An example of the absorption profile is 
shown in figure 5.6. 
0.10 
1320 1340 
0.05 
0.00 
-0.05 
-0.10 
-0.15 
-0.20 
-0.25 
-0.30 
-0.35 1360 1380 1400 
Wavelength (nm) 
1420 1440 
Figure 5.6 An example of the water absorption profile between 1320nm and 
1440nm. 
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This was measured using a sample known to have a flat absorption characteristic in this 
region, and then calculating the effect needed to generate the measured signal. This can 
then be used to correct for the absorption effects on other photovoltage spectra. This is 
done by normalising the spectrum and the water absorption profile, and then dividing 
the water absorption into the measured signal. This has the effect of reversing the 
reduction in signal caused by the original water absorption. The absolute magnitude of 
the signal absorbed is not important, as once normalised, the degree of absorption is 
relative and the same for all samples. An example of this correction of a measured 
spectrum is shown in figure 5.7 . This procedure was only needed when features of 
interest occurred in the water absorption range of =1.35µm-1.4µm. 
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Figure 5.7 The photovoltage spectrum for E874 (0% strain) showing the 
original data and the corrected data in the water absorption region. 
5.4 Theory 
The voltage generated by illuminating a laser structure is the result of free carrier 
generation by the incident photons. Although the absolute magnitude of the signal can 
be complicated to evaluate theoretically, we are only interested in how the magnitude 
will change as the band structure changes. As we are looking at changes in the 
photovoltage, simplifications can then be made in our approach. In order to enable 
interpretation of the changes in photovoltage we will first examine the processes 
involved in the absorption of photons in a quantum well structurej38), such as these 
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lasers, and will then discuss how these processes determine the results obtained from the 
photovoltage spectra. 
Within the laser structure, an incident photon can be absorbed to create an electron-hole 
pair. In the absence of any electric field this electron-hole pair would remain spatially 
localised, and would therefore recombine within a short period. This process would not 
generate a photovoltage regardless of the intensity of the illumination. However, lasers 
contain doped semiconductor junctions. These junctions give rise to an in-built electric 
field across the depletion region. An electron-hole pair created within the depletion 
layer, which includes the active region, would be swept apart by the in-built electric 
field. As the carriers are no longer spatially localised they become majority carriers with 
long lifetimes. They are swept towards the edges of the device where their presence can 
be observed via a voltage build up between the top and bottom contacts of the laser. 
This is referred to as the photovoltage. 
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Figure 5.8 A diagram of the processes involved in the generation of the 
photovoltage for incident photons with an energy = Eg. 
In the absence of other factors and under steady illumination this voltage would 
continue to grow until it matched that of the built-in field. When this occurred then 
generated carriers would again remain localised and recombine. In steady state this 
would lead to a constant voltage that is independent of all factors except the magnitude 
of the built-in field. This situation would not allow any probing of the band structure. 
There is however, a competing effect that does let us achieve this. Any carriers that are 
swept out of the depletion region can be thermally diffused back as shown in figure 5.8 , 
where they will recombine. The thermal diffusion rate, R, across a semiconductor p-n 
junction varies approximately as: - 
R« No(expl k, 
vj, l-11 
(5.1) 
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where No is the majority carrier concentration, qV is the energy barrier that has to be 
overcome in order to recombine, k is Boltzmann's constant and T is temperature. 
This process competes with the rate of carrier generation. As the excited carrier density 
increases, the barrier to thermal diffusion decreases, allowing more recombination. This 
will continue until the rate of carriers thermally activated over the barrier equals the 
generation rate. When the two rates are equal, equilibrium will be reached, giving a 
steady state value for the photovoltage. Any increase in the generation rate will increase 
the voltage observed, and likewise any decrease will also decrease the voltage. It can 
therefore be seen that the value of the photovoltage is linked to the generation rate. 
One factor that will affect the generation rate will be the degree of illumination. If this is 
assumed to be constant over a range of values, then any changes in the photovoltage can 
be assigned to other internal factors. This is a reasonable assumption with a broad band 
source, where the illumination intensity is varying slowly over the spectral range being 
measured and does not account for the features observed. 
If the illumination is constant over a range of wavelengths, then the photovoltage 
generated will be linked to the rate at which the photons are absorbed at each 
wavelength. This will be determined by the number of available states at that energy, 
which is related to the joint density of states for the laser at that wavelength. If we 
examine the simple theoretically predicted form of the density of states for a quantum 
well laser (figure 5.9) we can see that it is step like. We would therefore expect the 
variations of the photovoltage to have a similar form. Each step in the figure 
corresponds to the edge of a new subband increasing the number of available states. If 
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we therefore scan the laser with different wavelengths at constant illumination then we 
should observe the energy at which each subband is encountered. Further measurements 
using polarised light can then be undertaken to determine whether each subband edge is 
of LH or HH character. 
rA 
ý 
w 0 
ý L 
C)) 
ý 
ý 
Third Band. 
Second Band. 
First Band. 
Energy. 
Figure 5.9 A representation of the density of states in a quantum well. 
It can be observed from the photovoltage measurements that a sharp edge is not 
observed when a new band is encountered. The reason for this is the presence of 
impurity states and excitons that have the effect of smearing the band edge. The effect of 
these states can be seen as an exponential tail on the density of states function shown in 
figure 5.9 . This effect has been widely observed 
in both photo current and absorption 
measurements[39]. We then attribute the band edge to the point where the transition 
between the tail and the flat part of the PV spectrum occurs [40]. 
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5.5 Results 
The following graphs give the photovoltage spectra for each device and hence for each 
strain. Although only one plot is shown in each case, with the LH 1 and HH I edges 
marked, in each case both polarisations have also been scanned to ensure accurate 
identification, as shown in figure 5.5. The graphs also show where there are corrections 
for water vapour absorption. In most cases this will not have directly affected the 
measurement, as the peaks are outside the affected region. 
1450 1475 1500 1525 
Wavelength (nm) 
1550 1575 
Figure 5.10 The photovoltage spectrum for E874. (0% strain) 
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Figure 5.11 The photovoltage spectrum for E868 (-0.52% strain). 
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Figure 5.12 The photovoltage spectrum for E869 (-0.79% strain). 
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Wavelength (nm) 
Figure 5.13 The photovoltage spectrum for E870 (-0.97% strain). 
Wavelength (nm) 
Figure 5.14 The photovoltage spectrum for E876 (-1.12% strain). 
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Figure 5.15 The photovoltage spectrum for E878 (-1.29% strain). 
Figure 5.16 shows the values of the LH-HH splitting determined from the data in figures 
5.10 to 5.15 . 
This is also compared to values of the LH-HH splitting obtained from 
photoluminescence carried out by BNR [37]. The PL data supplied comes from quality 
control measurements carried out upon the wafer. The measurement of the splitting is 
not a routine measurement and it is fortunate that the higher level features could be 
established for these samples. The PL measurements do not reliably pick out the higher 
energy features for reasons given in section 5.1. It is not always possible therefore to 
generate this type of data from the PL spectra. It can be seen that although the PV and 
PL measurements give good agreement, the splitting measured by the PV is slightly 
larger than that given by PL. Although these results can be compared directly, in order 
to compare them to the theoretical models used for lasers certain adjustments must be 
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made. These adjustments are needed to compensate for the Stark effect, and are 
explained in the following section. 
Tensile Strain (%) 
Figure 5.16 Comparison between the photovoltage results and PL data taken 
from the original wafer. The lines are regression fits of the PV data and are 
guides only. 
5.5.1 The Stark Effect 
A problem that is shared both by the PV and the PL measurements is that the conditions 
present in the active region are not the same as those present in an actual laser during 
operation. This is due to the in-built field. A functioning laser operates under flat band 
conditions, while an unbiased laser experiences a field of =70meV per I00Ä across the 
active region. This field reduces the energy level separation within each quantum well of 
the laser. This process is referred to as the Stark effect and is illustrated in figure 5.17. In 
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order to compare the splitting of the HH and LH levels with a flat band theoretical 
model, the Stark shift must be removed. Fortunately the Stark effect is well understood 
and can be calculated with some accuracy. From [411 it can be seen that the HHI 
transition would be shifted to higher energy by=30meV, and the LHI transition shifted 
by =25meV in these structures on going from the in-built field to flat band conditions. 
This must be done for the PV data as the voltages measured are of the order of pV's. 
This means that the unbiased laser is almost completely unaffected by the PV 
measurement, so the field that needs to be compensated for is well known. 
In-Built Field. Flat Band. 
CB1 
EFB 
HH1 
EIB < EFB 
HH1 
Figure 5.17 Schematic diagram showing the effect of the Stark shift on the 
energy separation of the LH 1 and HH I energy states. It can be seen that the 
energy separation in the flat band case, EFB, is greater than the energy 
separation in the case if the in built field, EBB. 
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The splitting measured using the PL is less reliable, this is because the thermal 
distribution of the carriers recombining to form the PL spectrum are strongly weighted 
towards the lower energy (band gap) transitions, and so may be unreliable in picking out 
the exact value of the higher energy transition. We therefore use the PV measurements 
to compare the calculated and measured splitting. 
In order to compare the PV measurements to theory we need to remove the Stark shift. 
As all the devices have the same dimensions and doping concentrations, the Stark shift 
will be similar in all cases. In order to compensate for this effect we add 25meV to the 
LH1 values and 30meV to the HH1 values. Using a flat band model based on Krijn's 
parameter values and which was provided by Dr A Meney, the theoretical splittings in 
these structures were calculated for lasing conditions. The compensated PV splittings 
and the theoretical values are shown in figure 5.18. It can be seen that the agreement is 
very good. 
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Figure 5.18 Graph showing the stark compensated LH 1-HH 1 energy splitting 
measured using PV, along with the theoretical prediction. 
5.6 Discussion 
The theoretical parameter that is used to calculate the effect of the strain on the energy 
splitting is the interpolated axial deformation potential, b. We calculate the deformation 
potential. b, in the alloy following the method described in Krijn [16], where the known 
values of b in the binary compounds InAs and GaAs are interpolated to predict the 
values in the InGaAs alloys used in the laser quantum wells. By calculating the value of 
b for the measured energy splitting we can assess the accuracy of the interpolation 
procedure. Figure 5.19 compares the interpolated and measured values of b. 
PhotoVoltage 
111111111111111 III I 1111111 II 
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9 Values calculated from experiment 
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Values interpolated from Krijn parameters. 
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Figure 5.19 Graph showing the interpolated value of b based upon values 
compiled by Krijn, compared with b calculated from the actual splitting 
measured using PV. 
It can be seen from figure 5.18 and figure 5.19 that the values obtained using the 
interpolation give values of b that provide good agreement with experiment. The 
increase in the error for reduced strain in figure 5.19 occurs because the influence of the 
b parameter becomes negligible for low strains, i. e. the measured splitting for the low 
strain case is strongly dependent on factors other than b. As the strain increases and the 
splitting becomes more strongly dependent on b, the accuracy to which it can be 
estimated also increases. This is a significant result as it gives confidence in the models 
used and in their predictions when modeling other devices with different compositions. 
The PV technique also has a direct advantage in its simplicity and ease of use. It has the 
advantages of being able to measure the bandstructure in actual devices while they are in 
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situ. This allows the technique to be used on samples before or during the process of 
making other measurements. This ability has already been put to use at Surrey in an 
attempt to measure the strains resulting from the application of uniaxial stress to the 
lasers. The technique was well suited to these measurements because the sample holder 
used in applying the uniaxial stress only allows access to the sample via an optical fibre. 
The spectral output of the spectrometer can easily be coupled into the fibre, while the 
photovoltage is measured using the electrical contacts used to power the laser. The 
uniaxial stress can be applied and the LH-HH splitting measured directly in order to 
ascertain how the strain has changed. 
5.7 Conclusion 
This chapter has presented a method that can be used to probe features in the 
bandstructure of semiconductor lasers. It has been used specifically in this case to 
measure the LH-HH energy splitting in a series of lasers with varying tensile strain. It 
has been shown that this technique provides benefits over other techniques that are 
available for this type of measurement. It has been shown that the measured values of 
the LH-HH splitting give good agreement with the theoretical models used at Surrey. 
We conclude that the interpolated values of the axial deformation potential, b, based on 
the work of Krijn, are in excellent agreement with the values measured across a range of 
actual laser devices. 
111 
Chapter 6 
Chapter 6 
The Temperature Dependence of the Gain 
6. The Temperature Dependence of the Gain 
6.1 Introduction 
Long wavelength semiconductor lasers have seen many improvements in recent years. 
This has largely been due to the improvement in growth techniques that have allowed 
the utilisation of quantum wells and the introduction of strain. Unfortunately these 
improvements have had little effect on a long standing problem for long wavelength 
lasers. The temperature sensitivity of lasers operating around I. Sµm and 1.3µm has 
remained poor in comparison with shorter wavelength systems. This can be seen 
quantitatively by comparing the characteristic temperature, as defined in section 2.4.2. 
In GaAs lasers, operating at -800nm, To values of =250-300K have been observed. This 
can be compared to the To values of -40-70K observed for long wavelength devices. 
This problem has important ramifications for the use of these devices, as in order to be 
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cost effective they need to be able to operate over an wide temperature range, preferably 
without the need for temperature control units. 
Several mechanisms have been proposed to account the cause of the poor temperature 
sensitivity of long wavelength devices. These mechanisms include Auger recombination 
[42], intervalence band absorption(IVBA), leakage over the heterobarrier [43], the 
temperature dependence of the stimulated emission and the temperature dependence of 
the differential gain [44] [45]. Of these mechanisms it has been shown conclusively by 
[46] that IVBA in these lasers is only weakly temperature sensitive and does not 
contribute significantly to the overall temperature sensitivity [47]. 
It has also been proposed that leakage current over the heterojunction could provide a 
dominant contribution to the temperature sensitivity in these lasers [48][49]. It would 
appear that this process is not responsible for the major contribution to the low To, as it 
was also shown that elimination of the leakage current only resulted in a 20-30K 
increase in To, not the 100-200K increase expected from theory. It has also been shown 
by [50][5 11 that for lasers with small or non-existent leakage currents the To values are 
still poor, indicating that another process is providing the most significant contribution 
to the low To. 
Another mechanism that has been proposed as providing a major contribution to the 
poor temperature characteristics is the temperature dependence of the stimulated 
emission [52). Although the temperature dependence of the stimulated recombination 
current may be large, it can be shown that in the region of threshold, the stimulated 
recombination current can be only a few percent of the total current. If this is the case 
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then this small contribution could not dominate the temperature characteristics of the 
laser as a whole. This again indicates that another process is responsible. 
The consensus in the literature is that one, or both of the remaining mechanisms are the 
dominant factor responsible for the poor To values observed in long wavelength devices. 
Although Auger recombination is the mechanism proposed by [10][53], the current 
trend in the literature is towards the temperature dependence of the differential gain 
[54][55][56] as the main cause of the To problem. 
However, there are problems associated with the approach adopted by [54][55][56]. If the 
temperature sensitivity of the differential gain is poor, this would be linked to a similar 
poor temperature characteristic for the threshold radiative current density. It has been 
shown experimentally [57] that this is not the case in some lasers, and that the threshold 
radiative current density has almost ideal temperature characteristics. It has also been 
shown experimentally from hydrostatic pressure measurements that the dominant current 
contribution is that of Auger recombination. It is the temperature dependence of the 
largest current contribution that will determine the magnitude of To. If the Auger current 
were theoretically eliminated, as done by Zou [55][56], the current would then be 
dominated by the radiative recombination. It can be shown from basic theory that, in an 
ideal quantum well, a purely radiative threshold current would give a To of ; wT, or --300K. 
This is in good agreement with the To(IRAD) values measured by [57]. 
It should be noted that the lasers used by [55][56] have very low To values of m4OK. I will 
show that the cause of very low To values is a combination of the temperature sensitivity 
of the differential gain and Auger recombination. I will also show that in lasers where the 
differential gain has close to ideal characteristics, the value of 
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To is still --65K. This indicates that the limiting process is indeed Auger recombination. 
Another possible drawback to the work presented by both [54][55][56] is the use of the 
differential carrier life time to find values for the Auger recombination coefficient. The 
problem stems from the possibility that the fitting used to establish the mono-molecular 
recombination coefficient (A), the bi-molecular recombination coefficient (B) and the 
Auger recombination coefficient (C) could lead to large errors in the values obtained. As 
each parameter indicates the division of current to each process, errors in the fitting could 
also give a false indication of the contribution each process makes to the overall 
temperature sensitivity. Also, the experimental measurements of the gain are plotted 
against calculated values of carrier density. This allows the possibility that errors in the 
calculation of N could give misleading information about the behaviour of the gain. It is 
the intention of the following sections to eliminate this uncertainty by using direct 
measurements of the gain versus current to analyse the temperature dependence of the 
gain in terms of I only. There is currently no other literature that adopts this approach. 
The following sections present measurements of gain versus current for various 
temperatures in the range 20-60°C on strained and unstrained MQW devices. The gain is 
measured and calculated using the procedures outlined in chapters 3 and 4. The devices 
used are split into two types, those operating in the 1.5µm region which have To values 
in the range 60-70K, and those in the 1.3µm region, where the To values are in the range 
40-50K. 
The first example is MOQT599, a 1.5µm tensile device. Examples of the modal gain 
spectra for various drive currents and temperatures are shown and the peak gain is 
extracted from this data and plotted against current. Theory suggests [12] that gain is in 
fact proportional to In(I) above transparency. This relationship has been widely observed 
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experimentally [58]. The data for this device is therefore presented in this form and 
found to give good agreement with theory. Data for other 1.5µm and 1.3µm devices are 
then presented in a similar manner, but with only peak gain versus ln(I) presented for 
each device. 
The next section then shows how the gain versus ln(I) relationship can be utilised to 
provide an interpretation of the effect of the temperature characteristics of the gain on 
the overall temperature sensitivity of the laser. The To parameter for each laser is broken 
down into a gain contribution and a transparency current contribution. The To parameter 
for each laser is calculated from its component parts and then compared with the 
experimentally measured value. 
6.2 Results For 1.5µm Lasers 
The following section shows measurements made on compressive, tensile and 
unstrained MQW devices operating around 1.5µm. More details of each are given in 
appendix A. Although the measurements are as a function of current, the drive unit in 
these experiments was operated in voltage steps. This means that the current steps are 
not uniform, due to the nature of the semiconductor material. The actual current of each 
measurement is marked on the graphs. It should also be noted that the threshold current 
values stated are slightly smaller than the true values. This is because the threshold 
values are obtained using the LI method in described in section 2.4.1. This technique 
tends to systematically underestimate the true threshold current associated with the point 
that the gain is pinned. The error introduced is however small, so that we can still 
reliably use these measurements to calculate the laser To values. 
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6.2.1 Results For MOQT599 
MOQT599 is a4 quantum well buried heterostructure tensile strained device supplied 
by Philips. It has a length of 500µm and both facets are as cleaved. Gain spectra for two 
sample temperatures are shown in Fig(6.1) and Fig. (6.2). 
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Figure 6.1 Example of gain spectra for MOQT599 at 20°C. The threshold 
current is =18.5mA. 
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Figure 6.2 Example of gain spectra for MOQT599 at 50°C. The threshold 
current is - 28.8mA. 
The maximum gain value is extracted for each current and plotted to give the peak gain 
against current. This is then measured over a range of temperatures to show how the 
gain-current characteristics vary with temperature. An example of this is shown in 
Fig. (6.3). The fits to the data in this figure show a sublinear dependence of the gain on 
current. The relationship between gain and current is therefore not a linear one. 
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Figure 6.3 A plot of peak modal gain against increasing current for MOQT599 
in 10°C steps from 20°C to 600C. 
It has been suggested by Mcllroy [12], and shown experimentally by [58] that the gain is 
proportional to ln(I). It can be seen whether this relationship is a good representation of 
our data if figure 6.3 is replotted as gain against ln(I). A straight line indicates that our 
data fits well to the analysis proposed by McIlroy. This can be seen in Fig. 6.4. 
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Figure 6.4 Graph of Peak Gain against In(I) for MOQT599 over the 
temperature range 20-60°C, in 10°C steps. where I is measured in mA. 
The gain characteristics of the laser are dependent on the constant of proportionality 
between the gain and ln(I). This constant can be assessed from figure 6.4 by ascertaining 
the gradient at a particular temperature. The change in the gain characteristics can then 
be inferred by studying how the gradient, and hence the constant, change with 
temperature. It can be seen from figure 6.4 that it is the intercept, not the gradient, that is 
changing rapidly with temperature. This implies that the differential gain is not very 
temperature sensitive. The relationship between the gradient and the gain, and how they 
vary with temperature will be discussed in greater detail in section 6.4, along with 
reasons why the intercept is varying so rapidly. 
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6.2.2 Results For AT1622 
ATI 622 is a 16 quantum well buried heterostructure compressively strained device 
supplied by BT Laboratories. The device has a length of 5009m and both facets are as 
cleaved. Fig(6.5) and Fig(6.6) shows examples of gain spectra obtained for AT] 622 at 
two temperatures. 
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Figure 6.5 An example of modal gain spectra for AT 1622 at 20°C. The 
threshold current is 10.1mA. 
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Wavelength (nm) 
Figure 6.6 An example of modal gain spectra for AT 1622 at 50°C. The 
threshold is 16.3mA. 
The peak modal gain can again be obtained from this data and is plotted against ln(I) in 
Figure 6.7 
. 
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ln(UmA) 
Figure 6.7 Graph of peak modal gain as a function of In(current) for AT 1622 
for 20°C, 30°C, 40°C and 50°C. 
As with the previous device, it can be seen by inspection that the gradient does not 
change significantly with temperature, again indicating that the differential gain is not 
excessively temperature sensitive in this device. 
6.2.3 Results for AT1635 
AT1635 is a 16 quantum well buried heterostructure unstrained device supplied by BT 
Laboratories. The device is 500µm long and both facets are as cleaved. Fig, 6.8 and 
Fig. 6.9 again shows gain spectra at two temperatures. 
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Figure 6.8 An example of modal gain spectra for AT 1635 at 20°C. The 
estimated threshold is 16mA. 
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Figure 6.9 An example of modal gain spectra for AT1635 at 50°C. The 
estimated threshold is 25mA. 
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The peak modal gain is plotted versus ln(I) in Fig. 6.10. 
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Figure 6.10 Graph of peak modal gain against ln(I) for AT1635 at 20°C, 30°C, 
40°C and 50°C. 
Although the data from this device is a little erratic, the overall dependence of the 
gradient on temperature is seen to be weak. This again indicates that the gain is not 
strongly dependent on temperature. 
6.3 Results For 1.3µm Lasers 
6.3.1 Results for MOQT937 
MOQT937 is a4 quantum well buried heterostructure tensile strained laser. The device 
has a length of 200µm and both facets are as cleaved. Fig 6.11 and Fig 6.12 show 
examples of gain spectra for various currents at two temperatures. 
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Figure 6.11 An example of gain spectra for MOQT937 at 20°C. The threshold 
is =15.5mA. 
Wavelength (nm) 
Figure 6.12 An example of gain spectra for MOQT937 at 50°C. The threshold 
is =30.9mA. The current was limited to 25mA to prevent damage due to the 
elevated operating temperature. 
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The peak modal gain is plotted as a function of ln(I) in Fig. 6.13. 
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Figure 6.13 Graph of peak modal gain against ln(I) for MOQT937 at 20°C, 
30°C, 40°C and 50°C. 
From figure 6.13, it can clearly be seen that the gradients of the lines are decreasing with 
temperature, consistent with the gain characteristics degrading with increasing 
temperature. A lower To value might be expected, and is indeed found for this laser, 
compared to the previous lasers where the gradients remain constant. The effect of the 
temperature dependence of the gradient and its influence on To is discussed in more 
detail in section 6.4. 
6.3.2 Results for MOQT938 
MOQT938 is an 8 quantum well buried heterostructure compressively strained device 
supplied by Philips. The device is 200gm long and both facets are as cleaved. Fig. 6.14 
and Fig. 6.15 show examples of gain spectra for various currents at two temperatures. 
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Wavelength (nm) 
Figure 6.14 An example of gain spectra for MOQT938 at 20°C. The threshold 
is 9.3mA. 
Wavelength (nm) 
Figure 6.15 An example of gain spectra for MOQT938 at 50°C. The threshold 
is 17.5mA. 
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The peak modal gain is plotted as a function of ln(I) in Fig. 6.16. 
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Figure 6.16 Graph of peak modal gain against ln(I) for MOQT938 at 2(iC, 
30°C, 40°C and 50°C. 
Although it may not be apparent from simple inspection, the gradients in figure 6.16 are 
changing with temperature far more rapidly than in the earlier 1.51. tm devices. This can 
be clearly seen when the data is replotted in section 6.4.1. and indicates that the gain 
characteristics are degrading with temperature. How significantly this affects the To of 
this and the other devices is discussed in the next section. 
6.4 Analysing The Temperature Dependence 
Of The Gain 
According to Mcllroy [ 12], the gain-current relationship above transparency in a 
quantum well laser can be expressed as :- 
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G= Go ln (6.1) 
10 
where G is the modal gain, I is the total current, Io is the transparency current and Go is 
constant at a given temperature. 
In an ideal quantum well the constant Go would be independent of temperature. By 
inspection, it can be seen from Fig. 6.4, Fig. 6.7 and Fig. 6.10 that the Go values, which 
are given by the gradients of the lines, are virtually independent of temperature. The 
lasers represented by these figures have To values greater than 60K. It can also be seen 
that the transparency current To is varying rapidly with temperature in these devices. In 
the devices with To values less than 50K, it can be seen that both Go and lo show some 
temperature dependence. In order to assess the impact the temperature variation of both 
Io and Go has on the lasers, the overall temperature dependence needs to be quantified in 
terms of these parameters. This can be done in the following manner. 
Rewriting (6.1) assuming that the Go and 1o parameters are now temperature dependent: - 
rIin(T)1 
G,, = Go(T)Inl lo(T) ) 
(6.2) 
where G, j, is the total threshold gain, equal to the difference between the threshold 
modal gain and the transparency modal gain. T is temperature and Ith is the threshold 
current. 
Equation (6.2) can be rewritten in terms of Lj1: - 
Ith(T)= Io(T)exý 
Gý 
Go(T)J (6.3) 
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We see from (6.3) that the temperature dependence of the threshold current is dependent 
on two distinct terms, the temperature dependence of the transparency current L(T), and 
the temperature dependence of Go. We wish to investigate how significant each term is, 
and which makes the dominant contribution to the overall To of the laser. From equ 
{basic theory To equ. ) we can write the overall To as a sum of two components: - 
aln(Im(T)) 
_ 
aIn(Io(T))+Gýh a1 
aT aT aT 
(Go 
so that 
or 
11G, h 1 dGo 
Tooai - Toýaý - Go Go dT 
11G, 
h 
dLn(Go) 
T0`°'a' = T01eO - G0 dT 
(6.4) 
(6.5) 
(6.6) 
Where Tö '°' is the overall To, and T. " is a characteristic temperature associated with the 
transparency current, defined in a similar manner. 
It can be seen that the final term in eq. (6.6) has the same form as equ 2.8. A parameter 
can therefore be defined in the same way to indicate the temperature sensitivity of Co. 
This then allows the contribution that Go makes to T, "' to be calculated.: - 
1_1 Gth 1 
Tö uai Toren Go To(Go) 
(6.7) 
where To(Go) is a characteristic temperature associated with the gain parameter Go. 
6.4.1 Calculating T0(G0) For Each Device 
The value of To(Go) for the devices measured can be easily calculated from the graphs of 
peak modal gain against In(l) presented in sections 6.2 and 6.3. The value of Qj is 
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simply the gradient of the line at each temperature. If the natural logarithm of these 
values is plotted against temperature then the gradient will be the reciprocal of To(Go). 
As with the conventional characteristic temperature, Tä `a' , 
high values obtained indicate 
that the parameter is changing very slowly with temperature while low values indicate a 
more rapid variation with temperature. It can be clearly seen from figures 6.4,6.7 and 
6.10 that in these three devices the value of Go is changing very slowly with 
temperature. Figures 6.17,6.18 and 6.19 show that for these devices a large value of 
To(Go) is obtained, as expected. It can also be seen from figures 6.13 and 6.16 that in 
two devices, Go is changing far more rapidly. Figures 6.20 and 6.21 show that these 
devices give lower values of To(Go). 
The negative values of the To(G0) parameter indicate simply that the slope is decreasing 
with temperature. Although the result presented in figure 6.19 is positive, this does not 
necessarily indicate that the gain is improving with temperature. The important point is 
that the value of T0(G0) is large. This is because for gradients approaching zero, small 
errors in the gradient will give rise to large changes in the value of To(Go). These errors 
may cause the value of To(Go) to be positive, but large values of To(Go), both positive 
and negative, simply imply the gradient is close to zero. It is important to note that 
although the apparent error in To(Go) is large, the change in gradient with temperature is 
close to zero in all cases. 
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Figure 6.17 Graph showing ln(Go) as a function of temperature for MOQT599. 
The calculated value of T0(Go) for this device is -400K ± 50K. 
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Figure 6.18 Graph showing In(Go) as a function of temperature for AT1622. 
The calculated value of To(Go) for this device is -500K ± 100K. 
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Figure 6.19 Graph showing ln(Go) as a function of temperature for AT] 635. 
The calculated value of T0(G0) for this device is 700K. It can be seen that 
although there is some scatter in the data for this device, the trend is still 
consistent with a Go value independent of temperature. This can be seen as 
there is only a marginal change in Go with temperature. 
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Figure 6.20 Graph showing ln(Go) against Temperature for MOQT937. The 
calculated value of To(Go) for this device is 110K. 
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Figure 6.21 Graph showing In(Go) as a function of temperature for MOQT938. 
The calculated value of To(Go) for this device is -150K. 
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6.4.2 Calculation Of T(I ' For Each Device 
The temperature dependence of the transparency current can be estimated by 
extrapolating the gain-current curve back to the point of transparency at each 
temperature. The transparency point is defined as the point at which the material gain is 
zero. From equ(2.2) it can be seen this condition is true when the modal gain is equal to 
the internal loss. Although the internal loss can be measured, this capability is not 
presently available at Surrey. This has meant that an estimate of the internal loss must be 
used. A reasonable estimate of this value is -lOcm 
'[l 1]. An example of the calculation 
of T,, n is shown in Figure 6.22 . It 
has been shown by [47] that the internal loss is not 
very temperature sensitive. Therefore the approximation that the internal loss is constant 
over the temperature range is reasonable. 
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Figure 6.22 An example of how the transparency currents are extrapolated 
from the gain against ln(I) data. 
6.5 Summary of Results for Each Device 
The following table shows a summary of the results for every device. The table includes 
the experimentally measured To values, the measured To(Go) values, the measured To" 
values, and also included are the overall To values calculated from their measured 
components. This can be compared to the measured value as an indication of the 
accuracy and validity of this approach. 
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Device Gth 
Cm-t 
Go 
20°C 30°C 40°C 50°C 60°C 
To(Go) 
K 
To(Itr) 
at net gain 10 
To(Ith) 
Calculated 
To(Ith) 
Experimental 
AT1622 32 44/44/43/42/- -500 65K 60K 61K 
AT1635 32 85/100/91/98/- 700 65K 67K 67K 
MOQT599 32 58/58/57/55/54 -400 78K 70K 68K 
MOQT937 62 66/60/55/50/- -110 63K 38K 42K 
MOQT938 62 85/76/73/70/- -150 72K 52K 50K 
Table 6.1 Summary of the results for the gain measurements for all the devices. 
It can be seen from the results presented in table 6.1 that for all lasers the transparency 
To value is of similar size, approximately 65-75K. It can also be seen that the lasers with 
the overall To values comparable to the transparency To are those with high To(Go) 
values. The lasers with To values well below the transparency To also have low To(Go) 
values, as would be expected. 
6.6 Discussion 
In the devices where the temperature dependence of Go is more significant, we can 
conclude that the behaviour of the differential gain deviates from the ideal, and has an 
excess temperature dependence. This suggests that the differential gain can be 
associated with poor temperature sensitivity in some long wavelength lasers, but is only 
responsible for reducing the threshold To from the 60-70K range at transparency to the 
40-50K range at threshold. It can also be seen that the temperature dependence of the 
differential gain is close to ideal in other devices. This still produces To values in long 
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wavelength devices of 60-70K. The limiting factor for the temperature sensitivity for all 
these devices therefore must be attributed to the process that accounts for a limiting To 
of 60-70K. It has been shown that good agreement to this limit is found if Auger 
recombination is assumed to make the dominant contribution to the total current. 
These results clearly show several things. The first is that the devices measured fall into 
two categories. For devices that have To values greater than 60K, the temperature 
dependence is dominated by that of the transparency current with the gain having little 
effect. This conclusion differs from that of [54][55]. The devices with To values of 50K 
or lower show that, although the temperature dependence of the transparency current is 
relatively unchanged from the previous devices, the temperature dependence of the gain 
is now making a significant contribution to the overall To value. If To(lü) is compared, 
then they can be seen to have similar magnitudes in devices with low and high To""' 
values. This would indicate that in the low To devices the temperature dependence of the 
gain reduces the threshold To from 60-70K to 40-50K. We therefore conclude that 
although the gain can effect the To of a laser, the dominant factor in deciding the 
temperature dependence of all these lasers is the process that controls the poor 
temperature characteristics of the transparency current. 
6.6.1 What Causes The Low Tors" ? 
Measurements by [57] have shown that Auger recombination makes the dominant 
contribution to the threshold current. If this is the case and we assume Boltzmann 
statistics, then we can approximate the total current I in terms of carrier density N as 
Ia CN3 (6.8) 
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Co exp[- 
Ee 
kT]N3 (6.9) 
where Co is the Auger recombination coefficient, E, is the Auger activation energy, k is 
the Boltzmann constant, T is temperature. 
From basic theory, it can be shown that for an ideal quantum well laser, the transparency 
carrier density (No) ac T [22]. Therefore, if Io is the transparency current, then: - 
I0 (T) « Co exp[- 
Ee 
le T3 (6.10) 
and 
T 
To(10) = T+ E/., 
kk , T 
(6.11) 
This gives a best case To value of 100K at a temperature of 300K. This maximum is a 
direct consequence of Auger recombination being the dominant contribution to the 
overall current. This value can be compared to the theoretical value of To=300K for a 
quantum well device dominated by radiative recombination. [59] 
Although 100K is the maximum if we assume the total current is due to Auger, any 
activation energy associated with the Auger process will decrease this value. If we 
assume an Ea value of 25meV, which corresponds to phonon assisted recombination, 
this would predict values for Toga" of 75K. This gives good agreement with the 
experimental findings presented in table 6.1 . [It can 
be seen that if values of I, 
corresponding to direct Auger recombination are used, =50meV, then the predicted T; 
`a" 
will be 60K. This still gives reasonable agreement. ] 
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Hence the observed temperature dependence of the transparency current in all the 
devices can be satisfactorily explained by assuming that the total current is dominated 
by Auger recombination. 
6.6.2 What Effects The Value Of Ton ? 
Although the value of T, " arises because the current is dominated by the Auger 
recombination, the value of To'' can be affected by the temperature sensitivity of the 
gain-carrier density relationship. It is still assumed that the current is dominated by 
Auger recombination, even above transparency, which allows the conversion of 
equation (6.1) from current to carrier density. To examine how the differential gain may 
be affected by temperature, equations (6.1) and (6.8) are used to give: - 
g= 3Go InI 
N) 
l No 
The differential gain is then, simply: - 
dg3Go 
dN N 
(6.12) 
(6.13) 
If equation (6.13) is evaluated at transparency, then: - 
dg 
dN 
3Go 
No No 
(6.14) 
In an ideal quantum well, the transparency carrier density is proportional to temperature. 
The effect of the temperature on the differential gain at transparency can be evaluated by 
substituting for No using No a T. As we are assuming an ideal quantum well then 
Go 
will be independent of temperature and equation (6.14) becomes: - 
141 
Chapter 6 The Temperature Dependence of the Gain 
dg 3Go 
dN No T 
where No is again the transparency carrier density, and T is the temperature. 
(6.15) 
Although the relationship no «T is based on an ideal quantum well, any non-ideal 
factors that may be introduced will have an effect. It has been suggested that the 
relationship of no «T could change to a higher power of T, i. e. 
no a T'+x (6.16) 
where x is introduced phenomenologically to represent the degree of non-ideality in the 
relationship. 
Calculations by O'Reilly and Silver [23], shown in figure 6.23, have shown that the 
value of x can depend both on the temperature and on the carrier density. This means 
that the parameter Go will no longer be a constant, but also dependent on x. In the ideal 
case, where x is zero, then Go will reduce to a constant value independent of 
temperature. This would indicate that in the devices with high To(Go) values, x is near to 
zero and the lasers exhibit close to ideal behaviour above transparency. 
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Figure 6.23 Calculations showing the variation of the transparency carrier 
density and the threshold carrier density for a 1.2% tensile and compressive 
InGaAs/InGaAsP quantum well laser. It can be clearly seen that in some cases 
the relationship is linear, indicating a low value of x, while in other cases the 
relationship is super linear, indicating a larger value of x. 
In the devices where the temperature dependence of Go is more significant, this can be 
interpreted as the result of a larger value of x. This indicates that the differential gain in 
these devices is less than ideal, and has some temperature dependence. It can therefore 
be assumed that the differential gain can be associated with poor temperature sensitivity 
in some long wavelength lasers, reducing the threshold To from the 60-70K range at 
transparency to the 40-50K range at threshold. It can also be seen that the temperature 
dependence of the differential gain can be all but eliminated in other devices. This still 
produces To values in long wavelength devices of 60-70K. The limiting factor for the 
temperature sensitivity for all these devices therefore must be attributed to the process 
that accounts for a limiting To of 60-70K. It has been shown that good agreement to this 
limit is found if Auger recombination is assumed to be the limiting factor. 
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Chapter 7 
7. Strain and Temperature Dependence of 
the Line Width Enhancement Factor 
7.1 Introduction 
The principal application of semiconductor lasers operating at 1.55µm and 1.3µm is in 
fibre optic communication links. The choice of 1.551im and 1.3µm is strictly due to the 
material properties of the fibre optic links. This is because the glass used to make these 
fibre optics has an ultra low loss window centred about 1.5µm, and a zero dispersion 
window at 1.34m. Although the low dispersion window makes this wavelength ideal for 
high frequency communication [60], where the bandwidth is not distance dependent, it 
is not generally used for long distance communication links. This is because the 
bandwidth advantages are completely offset by the cost disadvantage of the repeater 
units needed to overcome the losses incurred around 1.3µm. For long distance 
communication links 1.55µm lasers are used in order to utilise the low loss window. As 
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there is some dispersion present in the fibre at this wavelength, the maximum bandwidth 
then becomes dependent on the distance. 
The reason why the dispersion limits the bandwidth is due to the mechanisms that make 
a semiconductor laser work. In a semiconductor laser the output signal can be modulated 
using direct current switching. If the laser was able to output a fixed wavelength, then 
the frequency bandwidth would be limited only by the modulation bandwidth of the 
laser itself. Unfortunately, when a semiconductor laser is modulated directly, the 
wavelength output is also modulated. This effect, known as `chirp', is responsible for 
the dispersion limiting the bandwidth of the system. This is because the different 
wavelength components in a single modulation travel along the fibre at different 
velocities. This has the effect of spreading the pulse, until after a certain distance the 
higher frequency components of one pulse will overlap the low frequency components 
of the previous pulse. When this occurs then information being transmitted will be lost, 
thus determining the maximum bandwidth for that distance. Although at present 
bandwidths approaching 1 Gbit-s' 1 can be achieved over 100km [ 13], any reduction in 
the inherent chirp of the laser could increase the bandwidth further, increasing the traffic 
capacity and thus reducing the cost of high bandwidth-long distance links. 
The reason that the wavelength modulates when the current is modulated is 
because the refractive index within the active region is carrier concentration 
dependent. The changes in the refractive index change the Fabry Perot modal 
distribution of the laser. Although the refractive index changes are very small 
1x 10'20 cm3 [611 this is sufficient to change the wavelength of the lasing mode by 
--1tß/mA. A parameter that is closely linked to the amount of chirp that a laser 
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exhibits is the line width enhancement factor (a). The line width enhancement factor is 
given by :- 
4n dn dg 
a=--"ý-ý X dN dN 
(7.1) 
where n is the refractive index, g is the material gain, N is the carrier density and X is the 
wavelength in free space. 
It can be seen that a is simply a measure of the ratio of the change in the refractive 
index to the change in the gain. The gain is a useful parameter against which to measure 
the changes in the refractive index because the laser is switched on and off by changing 
the gain level. In an ideal laser the change in refractive index would be zero for any 
change in gain; therefore ideally the value of a will be zero. As the change in refractive 
index increases, so does lal. 
It can be seen from equation 7.1 that in order to minimise the value of a the differential 
gain needs to maximised. There are two ways this can be achieved. The first is by the 
introduction of strain to the active region. This has the effect of reducing the valence 
band density of states, thus reducing the carrier density changes required to give a 
predetermined change in gain. In addition, strain can cause a polarisation direction to be 
preferentially selected, increasing the differential gain even further. It would be expected 
therefore that strained devices would give a lower value of alpha than unstrained devices 
[62]. 
There is another method that has been proposed for increasing the differential gain. This 
method uses the fact that in most lasers the peak gain does not occur at the same 
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wavelength as the peak differential gain. Most lasers normally operate at the wavelength 
of the peak gain as this is the energy at which threshold is first reached. It is however 
also possible to select a lasers operating wavelength using distributed feedback (DFB) 
lasers. These lasers use a built-in Bragg reflector instead of mirrors to enable single 
mode (or wavelength) operation. This allows the operating wavelength to be chosen, and 
a wavelength away from the peak gain and closer to the peak differential gain can then 
be used. This would allow lasers to be optimised for low chirp, as opposed to low power 
consumption. The power consumption increases because the total gain in the system 
needs to be increased, therefore higher carrier densities, and hence currents, will be 
required. 
In this chapter we use the methods and procedures outlined in previous chapters to 
measure the gain, and hence the differential gain, and we also use a method proposed by 
Westbrook[61 ] to measure the change in refractive index. Using these measurements we 
are able to calculate the value of alpha for a compressive, tensile and unstrained laser 
device. In section 7.5 we present results that show that both the strained devices have 
reduced alpha values, with the tensile device having the lowest value of alpha. 
It would also be useful to test the hypothesis that the value of alpha decreases with 
detuning in DFB lasers. Unfortunately it is difficult and expensive to create DFB lasers 
for many wavelengths and compositions. It would therefore be useful to first assess the 
impact of the detuning effect on cheaper and simpler Fabry Perot (FP) laser structures. 
This can also be carried out using the technique presented in this chapter and the results 
of the detuning on alpha are presented in section 7.5.1. The results 
in this section show 
that the value of alpha falls as the wavelength moves away from the peak gain 
for all 
147 
Chapter 7 Strain and Temperature Dependence of the Line Width Enhancement Factor 
devices. Although tensile strain devices again give the lowest value of alpha, the value 
drops by =50% for all strains. 
In section 7.5.2 we look at the effect of temperature on the alpha parameter. In order to 
confirm the results given in chapter 6, concerning the temperature dependence of the 
gain, it was decided to also look at how the value of alpha changes with temperature. As 
the value of alpha is inversely dependent on the differential gain, then any anomalous 
decrease in the differential gain should be observed as an increase in the value of alpha. 
If, as is proposed in chapter 6, the differential gain is not strongly temperature dependent 
then alpha should remain almost constant. In section 7.5.2 we show that alpha is in fact 
very insensitive to temperature. This supports the findings of chapter 6 that the main 
cause of temperature sensitivity in these lasers is due to Auger recombination rather than 
a strong temperature dependence of the differential gain. 
7.2 Theory 
We saw in section 7.1 how the line width enhancement factor, a, is defined as 
a_ 
41t dn dg 
X dN(dN) 
where X is the wavelength, n is the refractive index, N is the carrier density and g is the 
material gain. 
In order to determine alpha, we must first redefine it in terms of the quantities we can 
measure directly, i. e. the modal gain (G) and current (I). To do this we first find g in 
terms of G. 
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Gý Fg - a;,,, (7.2) 
where a;,,, is the internal loss and r is the optical confinement factor. 
If we assume that the internal losses are independent of carrier density, N, in the region 
close to threshold, then by differentiating with respect to N we find 
dG 
=r 
dg 
dN dn 
Substituting equ (7.3) into equ 7.1 then gives, 
4nI' dn dG ' 
A. dN(dN) 
By simple use of the chain rule, it can be shown that this can be written as :- 
(7.3) 
(7,4) 
a_ 
4nI' do dG ' 
(7 5) 
k dI(dI) 
where alpha is now presented in terms of current and modal gain. 
In order to find the refractive index change we use a method presented by 
Westbrook[61], that uses the change in modal wavelength with current in conjunction 
with the group refractive index (n ). The change in refractive index with current is then 
given by 
dn n da, 
dl - ra, di 
(7.6) 
where Ti can be found from the mode spacing using equ. (7.7). 
n= 
2ýZ 
(7.7) 
2LAX 
where L is the length of the Fabry Perot cavity and AX is the mode spacing. 
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A. dNl dN 
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Figure 7.1 shows how the mode wavelength changes with current, and illustrates the 
mode spacing A),, and the mode shift, R. 
12.7mA 
Ä 
12. OmA 
11. O. A 
Wavelength (nm) 
Figure 7.1 A plot showing the mode spacing, AX, and how a mode shifts by dA 
with increasing current, dI. 
If we now substitute for do in equ (7.5) using equ (7.6) and equ (7.7), we can then find 
an expression to evaluate alpha in terms of the wavelength, modal gain and current. 
2tc da. dG ý 
LAk dl C dl 
ý 
(7.8) 
Equation (7.8) can then be evaluated from data measured using the method outlined in 
section 7.4. 
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7.3 Devices 
The detuning measurements were all carried out on 1.55µm laser devices, including a 
compressive strained, tensile strained and unstrained laser. 
The compressive device was AT 1622, a 16QW 1% strain buried heterostructure laser. 
The unstrained device was AT1635, a 16QW buried heterostructure device. Both 
AT1622 and AT1635 were grown by BT (Ipswich). These devices are the same design 
as those used for the measurements in chapter 6. The tensile device was E870, a 4QW - 
I% tensile strain ridge device supplied by BNR (Harlow), one of the devices whose 
material properties were investigated in chapter 5. Further details of each of these 
samples are supplied in appendix A. 
Measurements of the temperature dependence of alpha at the peak gain were carried out 
on the same set of five devices investigated in chapter 6, three of which operated at 
about 1.55µm, and two around 1.3µm. 
7.4 Method 
Using the methods outlined in chapter 4, it is possible to obtain gain spectra for various 
currents and across a range of wavelengths, as illustrated in figure 7.2 for AT 1622. 
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Wavelength (nm) 
Figure 7.2 An example of gain measurements using device AT1622 at 20°C 
(Ith _ 5.36mA). The peak gain can be seen as the point that approaches the 
threshold line. The gain curves extend =30nm on each side from the peak gain 
wavelength. 
The differential gain with respect to the current can then be obtained, as illustrated in 
figure 7.3, where we plot the measured gain as a function of drive current for a 
particular mode. If these values are then fitted using a simple linear regression 
technique, the gradient of the regression then gives the value of dG/dI at that 
wavelength. 
In order to evaluate the value of da/dl a similar process is adopted using the mode peak 
wavelength. An example of the regression fit for the mode shift is shown in figure 7.4. 
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Figure 7.3 Example plot of the modal gain as a function of drive current for 
AT 1622 at k= 1550nm 
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Figure 7.4 Example of the wavelength of a specific mode as a function of 
current for AT 1622. 
The value of dG/dI from figure 7.3 and the value of da/dI from figure 7.4, along with 
the mode spacing at that wavelength allows the calculation of alpha using equ (7.8). 
7.5 Results 
The results are divided into two sections. Section 7.5.1 describes the results obtained for 
alpha at wavelengths detuned from the peak gain wavelength, while section 7.5.2 shows 
the results of alpha measurements obtained as a function of temperature. Both sets of 
results are then discussed in section 7.6. 
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7.5.1 The effects of Detuning 
The linewidth enhancement factor, alpha, was measured as a function of wavelength for 
a compressive, tensile and unstrained laser. The results are presented in figure 7.5, 
which shows the measured value of alpha as a function of energy separation (on the high 
energy side) from the peak gain. It is clearly observed that, firstly, alpha decreases on 
going from the lattice matched to the strained devices, and secondly that in all cases 
alpha decreases with increased detuning energy. 
5 
ý 
ý 
_a Q 
4 
3 
2 
I 
0 
0 5 10 15 
Energy Detuning (meV) 
20 25 
Figure 7.5 This plot shows the result of alpha measurements on the tensile, 
compressive and unstrained devices. It can be clearly seen that in all cases the 
value of alpha is decreased with increased detuning, and that the effect of 
strain is to reduce alpha in comparison to the unstrained case. 
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7.5.2 The Temperature Dependence of Alpha 
Figures 7.6 to 7.10 show the measured variation of alpha at the peak gain as a function 
of temperature for devices investigated in chapter 6. Further details concerning the 
structure of these devices is presented in appendix A. 
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Figure 7.6 Temperature Dependence of Alpha in AT 1622. A 1.55µm device 
with 1% compressive strain. 
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Figure 7.7 Temperature Dependence of Alpha in AT 1635. A 1.55µm untrained 
device. 
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Figure 7.9 Temperature Dependence of Alpha in MOQT937. A 1.3µm I% 
tensile strained device. 
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Figure 7.10 Temperature Dependence of Alpha in MOQT938. A 1.3µm 1% 
compressively strained device. 
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7.6 Discussion 
In line with results predicted by theory [9], and previous experimental results 
[11][63][64], a is reduced in the strained devices compared with the lattice matched 
device. It is also observed that the value of alpha decreases with increasing detuning, 
again in line with theoretical prediction. It should be noted however that further 
measurements on DFB lasers would be required to prove detuning can significantly 
reduce the value of the linewidth enhancement factor. This is because the measurements 
in figure 7.5 are made for gain values below the threshold of the FP devices, and 
therefore well below the gain required to achieve lasing threshold in a detuned DFB 
laser. To allow the detuned laser to operate would require significantly higher currents 
than were used with the FP devices, and therefore the values of alpha could be 
significantly altered in an actual device [65]. Nevertheless the 50% reduction observed 
in alpha over the measured energy range is significant, suggesting that some 
improvements may still be observed in a detuned DFB laser and that creating such lasers 
for further research would be a feasible option. 
If the temperature dependent measurements of alpha in figures 7.6 to 7.10 are now 
considered, it can be observed that there quite a large degree of scatter in the measured 
values of a as a function of T in the devices studied. This is due in a large part to the 
fact that the alpha values are calculated by taking the ratio of two differentials, with each 
differential calculated numerically from the experimental data. 
If we write the relationship between modal gain, G, and current, 
I, as 
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G= Go 1n 
I 
(1.1) 
0 
then it was shown in chapter 6 that the measured Go value was relatively insensitive to 
temperature in the three 1.5µm devices, as would be expected in an ideal laser. It can be 
seen these devices ( figures 7.6 to 7.8) that the alpha parameter is relatively independent 
of temperature, at least for the two strained devices, indicating close to ideal behaviour. 
The situation is less clear cut for the lattice matched device because the scatter in the 
measured data, which we believe is greater than any underlying trend in the temperature 
dependence of the alpha parameter. 
The gain parameter Go was observed to decrease with temperature in the two 1.3µm 
lasers considered in figures 7.9 and 7.10. It is interesting to observe that at least for one 
of the devices, the MOQT937-1 % tensile strained structure in figure 7.9, the measured 
value of alpha is particularly independent of temperature. This can be compared to 
figure 7.10, which indicates that alpha may be increasing with T in the MOQT938-1 % 
compressively strained structure. This latter result would be consistent with the 
observed temperature sensitivity of the differential gain in this device established in 
chapter 6. Despite this we find that the overall measurements of linewidth enhancement 
factor, a, do not appear to be strongly temperature sensitive in the other devices studied, 
within the accuracy of the measurements. We conclude therefore that the a(T) 
measurements support the general conclusions of chapter 6, that the differential gain is 
generally well behaved in the 1.5µm devices considered, which all had To values >_ 60K. 
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The alpha parameter results for the 1.3µm devices ( which had lower To values) are less 
clear cut, with one device showing an alpha value which is almost constant with T, 
while the other shows alpha increasing with T. The reasons for the difference in the 
behaviour of these devices remains unexplained. 
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8. Summary 
Summary 
This chapter provides a brief summary of the results and conclusions that have been 
presented in the preceding chapters. The results from chapter 5 will be discussed first, 
then the main topic of the thesis, the measurement of the temperature dependence of the 
gain in semiconductor lasers, will be reviewed. 
A significant parameter describing the effect of strain on lasers is the strain deformation 
potential, b. The value of b is often calculated using an interpolation technique based 
upon work by Krijn[ 16]. In chapter 5 we presented measurements of the energy splitting 
of the heavy hole (HH) and light hole (LH) valence subbands using photovoltage 
profiles to determine experimentally the accuracy of the interpolation. The 
measurements were conducted on a series of lasers with quantum wells of increasing 
tensile strain. The tensile strain increases the splitting between the HH and the LH 
bands. The degree of splitting is predicted from theory using the strain deformation 
potential, b. Using a model provided by Dr A. Meney that incorporates the interpolated 
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values of b, a comparison between the theoretical and experimental energy splitting was 
made. It was shown that the values were in very good agreement, confirming the validity 
of the interpolation scheme for the deformation potential, b. 
In chapter 3 we described the equipment and experimental setup required to conduct the 
gain measurements detailed in chapter 6 and 7. This chapter included comprehensive 
procedures that need to be followed in order to achieve optimum performance from the 
experimental setup. It was shown in chapter 4 that these procedures must be followed to 
have confidence in the gain measurements made. 
Chapter 4 provided a review of three possible techniques that can be used to measure the 
gain in a semiconductor laser. These were the Henry method [30], the optical stripe 
excitation method[31 ], and the Hakki-Paoli method[28]. It was shown that the Henry 
method requires a knowledge of the Fermi level separation to calculate the gain. It also 
restricts the devices than can be used because the true spontaneous recombination 
spectrum must be obtained. The optical stripe excitation method relies on the 
measurement of how the amplified spontaneous emission varies with the length of the 
device that is optically pumped. The problems with this method were that the facilities 
to carry out the measurements were not available, and that the gain is obtained in terms 
of the carrier density. There can be considerable uncertainty in converting the carrier 
density to the equivalent current, therefore making determination of the effect of the 
gain on the threshold current unreliable. It was therefore shown in chapter 4 that the 
most suitable method would be the Hakki-Paoli method, which extracts the gain directly 
from the amplified spontaneous emission for a given current. It was also shown that 
there are several problems that need to be overcome when applying the Hakki-Paoli 
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method. These include the effects of scattered light, instrument response and 
polarisation crosstalk. It is shown that scattered light is not a problem in the lasers used, 
and that correct use of a polaroid can eliminate the polarisation problems. Several 
methods were then reviewed as a means of reducing the effect of the instrument 
response and it was shown that the Cassidy method [29] does, in theory, provide the best 
means of significantly reducing the effect of the instrument response. However, it was 
also shown that in order to ensure accurate results the effect of the instrument response 
must be made as small as possible, making the correction for instrument response less 
consequential. 
Using the methods and procedures provided in chapter 3 and 4, gain measurements were 
then made on a set of three 1.5µm quantum well laser samples, with compressively 
strained, unstrained and tensile strained active regions respectively. These 
measurements were repeated on two 1.3µm quantum well laser samples with tensile and 
compressive strained active regions. The measurements consisted of the determination 
of the gain-current relationship at various temperatures. By using the gain current 
relationship proposed by Mcllroy [ 12], the value of the constant Go was established for 
each laser at each temperature. It was argued that if, as proposed by Ackerman [54] and 
Zou [55], the gain is a significant factor in the degradation of laser performance with 
temperature, then this would be reflected in a strong temperature dependence of the 
parameter Go. It was also argued that if the gain has ideal characteristics, then the value 
of Go would be independent of temperature. To establish the temperature dependence of 
the Go value, a parameter To(Go) was introduced. This is effectively a characteristic 
temperature for the gain parameter, established in a similar manner to the characteristic 
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temperature for the threshold current. The larger the value of the To(Go) parameter, the 
smaller the temperature dependence of the value of Go. 
By using the calculated values of Go for the 1.5µm lasers the value of To(Go) was found 
to be -500K for the compressive device, -400K for the tensile device and 700K for the 
unstrained device. In the 1.3µm lasers the value of To(Go) was found to be -110K 
in the 
tensile device and -150K in the compressive device. 
It was concluded from this that the behaviour of the gain in the 1.5µm lasers must be 
close to ideal. In the case of the 1.3µm lasers the situation is less clear, but the 
temperature dependence of the gain would still not be sufficient to explain the overall 
temperature dependence of the threshold current. 
The temperature dependence of the transparency current and the threshold current was 
measured for all the devices and compared with the gain measurements. It was shown 
that the 1.5µm lasers all had To values at transparency of =70K, while the threshold To 
drops very little to =65K. It was concluded from this that another process is responsible 
for the low To at threshold and that the gain has very little effect. In the 1.3µm lasers the 
transparency current To was again =67K, indicating that the same process controls the To 
at transparency in both the 1.5µm and 1.3µm lasers. The To at threshold drops to =45K 
in the case of the 1.3µm devices. This indicates that the temperature dependence of the 
gain, which has a lower To(G0) value in the 1.3µm lasers, is having an effect in addition 
to the process that is causing the poor To for the transparency current, 1,.. This means 
that the gain contributes to a further drop in To at threshold. 
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It is therefore concluded that in some lasers the gain can have close to ideal temperature 
characteristics, but that the temperature dependence of the threshold current is still poor, 
with To = 65K. It can also be seen that in some lasers the temperature dependent 
contribution of the gain can be significant, but this is only seen as an addition to the 
already poor To value, dropping the value of To from the transparency current, ltr, from 
=65K to a threshold current To value of = 45K. 
To explain the reason for the underlying temperature dependence of J,, an analysis was 
carried out assuming that Auger recombination dominates the current. It was shown that, 
if phonon-assisted Auger is assumed, an Auger dominated current would give values of 
To(I,, ) of 75K, agreeing well with the values observed in all the devices measured. If 
direct Auger is assumed, a To(I,, ) of 60K is calculated, still giving reasonable agreement. 
It is therefore concluded that the Auger recombination current is responsible for the 
overall temperature sensitivity of 1.5µm and 1.3µm lasers, although in some lasers the 
temperature dependence of the gain may be less than ideal, resulting in a further 
reduction in the threshold To. 
In chapter 7, the gain measurement techniques are used to measure the value of the line 
width enhancement factor, alpha, in 1.5µm strained and unstrained quantum well 
lasers. 
The line width enhancement factor (alpha) is an important parameter in evaluating the 
maximum bandwidth that can be achieved by a laser for communication purposes. The 
lower the value of alpha, the higher the bandwidth. The measurements made in chapter 
7 show that the introduction of strain reduces the value of alpha, and that the value of 
alpha is also reduced at energies detuned from the peak gain energy. Lasers that can 
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select their operation wavelength may be able to use this feature to detune the lasing line 
from the peak gain and reduce the value of alpha. The measurements were not carried 
out on devices that could do this, and therefore the increase in carrier density required to 
reach threshold in the detuned lasers may result in significantly altered values of alpha. 
It is concluded however, that the reduction in alpha that is observed is sufficient to 
warrant further investigation using actual detuned devices. 
Chapter 7 also measures the temperature variation of alpha for the devices measured in 
chapter 6. It is shown that the value of alpha in the 1.5µm devices is generally 
insensitive to temperature. This would be expected if the gain and refractive index in 
these lasers is behaving in an ideal manner. The results in the 1.5µm devices therefore 
support the conclusions of chapter 6. The results for the 1.3µm lasers were less clear, 
although there was some evidence for an increase in the value of alpha with 
temperature, again consistent with the temperature dependence of the gain measured in 
chapter 6. 
In conclusion, the measurements in chapter 6 and chapter 7 present very strong evidence 
that the To values of 60K-70K typically observed in "good" 1.3µm and 1.55µm 
semiconductor lasers cannot be explained by assuming a strong temperature dependence 
of the differential gain as has been previously suggested. A consistent picture of the 
temperature dependence can be obtained by assuming phonon-assisted Auger 
recombination as the dominant mechanism in the long wavelength lasers used in optical 
communications. 
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9. Appendix A 
9.1 AT1622 
At1622 is a1% compressively strained 16. quantum well buried heterostructure laser 
supplied by BT Laboratories (Ipswich). The operating wavelength is= 1.55µm and the 
device length is 500µm. An outline of the layer structure is shown in figure A. 1. 
InP (Zn-doped at 5x1017cm-s) 250nm 
Q 1.3 (Zn-doped at 5x 10' 7cm-3) 150Ä 
a 
15xQ 1.3 (lattice matched) 150A 
0 
16x Gao. 3Ino., As 
25A 
Q1.3 (S-doped at 3x10'8cm-3) 150A 
InP buffer 
1500nm 
(S-doped at 3x10'8 cm =ý) 
S-doped InP Subtrate 
Figure A. I1 Layer structure for the device AT] 622. 
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9.2 AT1635 
AT1635 is an unstrained, 16 quantum well buried heterostructure laser supplied by BT 
Laboratories (Ipswich). The operating wavelength is = 1.55µm and the device length is 
500µm. The layer structure is shown in figure A. 2 
InP (Zn-doped at 5x10"cm-3) 1000nm 
Q1.3 (Zn-doped at 5x1017cm-33) 100A 
l5xQ1.3 (lattice matched) 80A 
16x GaInAs (lattice matched) 75A 
Q1.3 (S-doped at 3x10'1cm-3) 100,4 
InP buffer 
(S-doped at 3x 1018 cm-3) 
2500nm 
S-doped InP Subtrate 
Figure A. 12 Schematic example of the structure for the device AT 1635. 
9.3 MOQT599 
MOQT599 is a4 quantum well, InGaAs/InP buried heterostructure device with 1.6% 
tensile strained wells. The device was supplied by Philips Optoelectronics Centre 
(Eindhoven). The operating wavelength is 1.5µm and the device length is 500µm. 
9.4 MOQT937 
MOQT937 is a4 quantum well, buried heterostructure laser with 1% tensile strained 
wells. The device was supplied by Philips Optoelectronics Centre (Eindhoven). The 
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operating wavelength is 1.3µm and the device length is 200µm. The device layer 
structure is shown in figure A. 3. 
InP 
4x Ino 9Gao , Aso. z4Po. 76 
4x InosGaosAso. 7sPo. zz 120Ä 
Ino 9Gao I Aso. zaPo. 76 
InP 
Figure A. 13 Schematic layer structure for the device MOQT937. 
9.5 MOQT938 
MOQT937 is an 8 quantum well, buried heterostructure laser with 1% compressively 
strained wells and was supplied by Philips Optoelectronics Centre (Eindhoven). The 
operating wavelength is 1.3µm and the device length is 2001. Lm. The device layer 
structure is shown in figure A. 4. 
InP 
8x Ino. gGao i ASOSaPo. 76 
8x In083Ga0 17AsO. b7Po. 33 
In0 9Ga0. , Aso. zaPo. 7e 
55A 
InP 
Figure A. 14 Schematic layer structure for the device MOQT938. 
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9.6 E870 
E870 is a4 quantum well ridge device with 1% tensile strained wells, supplied by 
BNR(Harlow). The length of the device is 400µm and the operating wavelength is 
1.5µm. The layer structure is shown in figure A. 5 
InP l00nm 
InGaAsP Guide 150nm 
InGaAsP Barrier l4nm 
p-type 
4x InGaAs Wells 9.8nm Active Region. 
3x InGaAsP Barriers 14nm (Undoped) 
InGaAsP Barrier 14nm 
InGaAsPGuide I00nm 
InP Buffer + InP Subtrate Q-type 
Figure A. 15 Layer structure for the device E870. 
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